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ABSTRACT OF THESIS 
ARABINOXYLAN STRUCTURAL PROFILING OF COOL-SEASON PASTURE 
GRASSES VIA HIGH-PERFORMANCE ANION-EXCHANGE CHROMATOGRAPHY 
WITH PULSED AMPEROMETRIC DETECTION (HPAEC-PAD) ANALYSIS OF 
ENDOXYLANASE DIGESTS 
Arabinoxylan (AX) is a major structural polysaccharide found in the cell walls of monocots such 
as cereal grains and pasture grasses. The variety of AX structural components and substitution 
patterns contribute to AX structural diversity between different monocot species as well as 
plant tissues. 
The rumen is the first digestion site of masticated food material in cattle and provides 70% of 
energy to host through fermentation of forage. There are many species of pasture grasses that 
act as a forage source. Differences in AX structure found in these pasture grasses may impact 
rumen microbial fermentation. Understanding the AX structure of different pasture grasses can 
elucidate how different AX structures can impact rumen microbial fermentation. 
The objectives of this research were to develop a high-performance anion-exchange 
chromatography (HPAEC-PAD) method to rapidly quantify AX oligosaccharides (or AXOS) 
released via endoxylanase digestion and characterize the AX structure in four cool-season 
pasture grasses from central KY (timothy, perennial rye, tall fescue, and bluegrass). 
Quantification of AXOS enabled the comparison of AX structural profiles between grass 
materials. 
An HPAEC-PAD method was developed and validated for xylanase-released AXOS using 
analytical parameters concentration range (CR), limit of detection (LOD), limit of quantification 
(LOQ), retention time (tR HPAEC), and relative response factor (RRF). Perennial rye tended to 
have greater amounts of AXOS compared to the other pasture grasses. 3X was released by 
endoxylanase in greatest amounts compared to other AXOS (significant difference varies). In 
addition, the cell wall monosaccharide and ester-linked hydroxycinnamic acid (HCA) contents 
were profiled in each cool-season pasture grass. 
KEYWORDS: [Arabinoxylan, HPAEC-PAD, rumen fermentation, oligosaccharides, 
pasture grass]  
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1 
INTRODUCTION  
1.1. Introduction to arabinoxylan and high-performance anion-exchange 
chromatography with pulsed amperometric detection 
Arabinoxylan (AX) is a polysaccharide that constitutes a major structural component in 
the cell walls of monocots. The backbone consists of xylopyranose linked via β-1→4 
linkages, with α-L-arabinofuranose substituents linked to the backbone via α‐1→3, α‐
1→2 linkages, or both (see Figure 1-1).  AX structure differs not only between different 
grass species, but also within the different tissue types of an individual cereal or grass 
crop (seed versus foliage). The arabinose substitution pattern of AX structure (density 
and distribution) influences the solubility of the polysaccharide in water and its 
enzymatic degradability. Degree of substitution (DS) and degree of polymerization (DP) 
differ among different grass tissues and species. In addition, AXs contain complex 
oligosaccharide sidechains and hydroxycinnamic acids (HCA) such as ferulic and p-
coumaric acid, which are esterified to the O5 position of α-L-arabinofuranose. In 
addition, the xylan backbone may be substituted with complex sidechains, such as xylose 
and galactose substituted to arabinofuranose. All these factors combined make AX 
particularly difficult to characterize. The AX in seed tissues of monocots, particularly the 
Figure 1-1. Schematic of arabinoxylan demonstrating some structural features 
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major cereal grain species, have been studied in detail, but much less in known about 
the AX in vegetative tissues of forage species (Izydorczyk, & Biliaderis,1995) (Mazumder 
& York, 2010) (Bowman, Dien, Vermillion, & Mertens, 2014). A key significance of AX’s 
complex and varied structure is its impact on gut microbiota in humans and other 
animals (Russell, J. B., & Rychlik, J. L. ,2001) (Dodd & Cann, 2011). Following degradation 
of the AX polysaccharide into mono- and oligosaccharides by gut microbe-derived 
glycoside hydrolase (GH) enzymes, the released monosaccharides are metabolized for 
energy by the gut microbes. Short-chain fatty acids (SCFA) are produced as a byproduct 
of this microbial metabolic process, and these compounds have wide-ranging health 
effects for the human or animal host.  Critically, because the AX from separate plant 
sources differ in their structure (type and degree of substitution), the enzymatic 
machinery needed to break down these separate AX structures also differs. Unique 
microbial growth and fermentation patterns could arise from different AX-containing 
food- and feedstuffs based on which microbial population is best equipped to compete 
for energy from the AX food source, i.e., produce the enzymes needed to break down a 
given AX polymer into fermentable monosaccharides. With a better structural 
understanding of the AX, the impact of structure on microbial fermentation and 
downstream health consequences in the host can be understood. However, the current 
lack of structural information about AX from vegetative tissues in forage species means 
that we have minimal information about how forage AX structure influences rumen 
fermentation patterns.  
High-performance anion-exchange chromatography with pulsed amperometric detection 
(HPAEC-PAD) is an excellent analytical tool that can separate and detect mono- and 
3 
oligosaccharides effectively without sample derivatization (Corradini, Cavazza, & 
Bignardi, 2012). The HPAEC-PAD is non-destructive, and with a column well-suited for 
the sample type, this technique can separate carbohydrate isomers with ease. HPAEC-
PAD has been used to structurally profile AX from grain tissues: following digestion 
with endoxylanases, the released AX oligosaccharides (AXOS) are separated, detected, 
and quantified, producing a unique AXOS fingerprint (Ordaz-Ortiz, Devaux, & Saulnier, 
2005). This same technique could be applied to forage AX to gain structural 
information. 
The following literature review will cover 1) the variety of AX structure in monocots, 2) 
the impact of AX structural variation on gut microbiota, and 3) the development of 
HPAEC-PAD as a leading analytical technique in studying carbohydrate structure and 
need for more validated analytical methods to quantify AXOS. 
1.2. Summary 
AX are structural polysaccharides in monocots with complex and varied substitution 
patterns that influence enzymatic degradability, and consequently, the microbial 
population of animals regularly ingesting AX-containing feedstuffs. Although there is 
abundant structural information about AX from grain tissues in the literature, there is 
little information about AX structure in the vegetative tissue of pasture grass species. 
Digestion of AX with endoxylanases produces unique AXOS enzymatic fingerprints. 
This unique AXOS fingerprint can be separated, detected, and quantified using HPAEC-
PAD.  Application of this enzymatic fingerprinting technique to pasture grass AX and 
comparison of these quantified fingerprints will provide better structural understanding 
of pasture grass AX. 
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 LITERATURE REVIEW 
2.3 Variety in arabinoxylan structure in monocots 
2.3.1 Arabinose/xylose ratio and substitution 
The arabinose/xylose (A/X) ratio is a simple piece of structural information comparing 
the molar amount of arabinose to the molar amount of xylose in AX. The A/X ratio 
indicates the level of arabinose substitution on the xylan backbone and gives some 
information about the accessibility of the xylan backbone to enzymatic degradation. 
Although a range of A/X ratios can be found within a specific plant tissue types or 
species (Vliegenthart et al., 1994), previous investigations into different grains and 
specific tissues show general patterns of A/X. Grain tissues, such as the bran or 
endosperm, have a high A/X ratio. Vegetative, non-grain plant tissues tend to have a low 
A/X ratio (Lequart et al., 1999). Table 2-1 contains a variety of A/X ratios from 
different plant sources. 
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2.3.2 Arabinoxylan structure influences water-solubility 
The density and distribution of arabinose substitution on the xylan backbone greatly 
influences the AX structure’s solubility in water (Izydorczyk, & Biliaderis,1995). Mono-
substitution describes a single arabinose glycosidically linked to either the O2 or O3 of 
the xylose, whereas disubstitution describes arabinose glycosidically linked to both O2 
and O3 of the xylose. Decreasing the degree of substitution (DS) along the AX 
Table 2-1. Arabinose/xylose (A/X) ratio of vegetative and grain tissues in a variety of  
monocots 
Plant source A/X ratio Reference 
Barley aleurone (Hordeum vulgare) 0.25-0.45
(Gubler, Ashford, Bacic, Blakeney, & 
Stone, 1985) 
Barley straw (Hordeum vulgare) 
0.5 
(Mueller-Harvey, Hartley, Harris, & 
Curzon, 1986) 
Barley grain cell wall (Hordeum vulgare) 0.17-0.74 (Vliegenthart, Viëtor, Hoffmann, 
Angelino, Voragen, & Kamerling, 1994) 
Barley husks (Hordeum vulgare) 0.20 
(Höije, Sandström, Roubroeks, 
Andersson, Gohil, & Gatenholm, 2006) 
Refined rye flour (primarily endosperm) (Secale 
cereale) 
0.40-1.71 
(Verwimp, Van Craeyveld, Courtin, & 
Delcour, 2007) 
Bamboo shoots (Phyllostachys edulis) 0.5 (Ishii, 1991)
Wheat (Triticum aestivum) straw 0.2- 0.32 
(Lequart, Nuzillard, Kurek, & Debeire, 
1999) 
Wheat (Triticum aestivum) bran 0.28-0.69 (Lequart et al., 1999) 
Sorghum (Sorghum vulgare var. Fara Fara) grain 0.2-0.9 (Verbruggen et al., 1998) 
Wild rice (Zizania aquatica, L.) grain 1.0 
(Bunzel, Allerdings, Sinwell, Ralph, & 
Steinhart, 2002) 
Oat (Avena sativa) spelt 0.09 
(Pastell, Virkki, Harju, Tuomainen, & 
Tenkanen, 2009) 
Triticale, barley, and tritordeum grains 0.45-0.78 (Rakha, Saulnier, Åman, & Andersson, 
2012) 
Switchgrass (Panicum virgatum var. Cave-in-
rock) 0.15 
(Bowman, Dien, Vermillion, & Mertens, 
2015) 
Intermediate wheat grass (Thinopyrum 
intermedium) grain 
0.36 (R. R. Schendel, Becker, Tyl, & Bunzel, 
2015) 
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backbone tends to result in a water-unextractable AX (WUAX) since a lower A/X ratio 
allows for greater adsorption of unsubstituted sections of the xylan backbone to 
cellulose microfibrils via hydrogen bonding interactions (Vinkx & Delcour, 1996) 
(Köhnke, Pujolras, Roubroeks, & Gatenholm, 2008). Unsubstituted AX also allows for 
xylan-xylan interactions, where AX aggregates can form (Kabel, van den Borne, Vincken, 
Voragen, & Schols, 2007). A greater density of arabinose substitution tends to result in 
more water-extractable arabinoxylan (WEAX) (Figure 2-1).  
WEAX and WUAX in cereal grains impact food processing of various types of food 
products. In brewing, WEAX in barley and barley malt can lower beer extraction yields, 
increase viscosity, and slow the filtration rate (Dervilly, Leclercq, Zimmermann, Roue, 
Thibault, & Saulnier, 2002). The addition of thermostable endoxylanases to the brewing 
wort can improve these factors, as high molecular-weight and highly substituted AXs 
Figure 2-1. Substitution and density of arabinose to xylan backbone in relation to 
water solubility of arabinoxylan. Figure modified from (Schendel, 2016) 
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can still be relatively degradable. WEAX can be used in various baking applications to aid 
in strengthening dough and increasing loaf volume (Biliaderis, Izydorczyk, & Rattan, 
1995). WEAX tends to positively impact baking qualities such as increased bread loaf 
volume, softer crumb texture, and moisture retention (Biliaderis, Izydorczyk, & Rattan, 
1995). Supplementing WEAX in gluten-free bread has also improved loaf volume and 
crumb texture, qualities that are particularly lacking without a gluten network (Bender, 
Nemeth, et al., 2018; Bender, Regner, D’Amico, Jäger, Tömösközi, & Schoenlechner, 
2018).  
In the literature, WUAX are often extracted with alkali before further analysis, which 
cleaves ester linkages. By removing the ester-linked phenolics acids, especially the 
diferulate cross-links, whose presence sharply reduces AX solubility, WUAX can often 
be brought into solution (H Gruppen, Hamer, & Voragen, 1992). However, a weakness 
of utilizing alkaline-extracted AX for structural characterization is that they do not 
represent native structures: real-world AX from grains and forages contain phenolic 
acids.  
2.3.3 Hydroxycinnamic acids esterified to arabinoxylan 
AX contains HCA esterified to the O5 position of some of the arabinose substituents 
(Kato, Azuma, & Koshijima, 1983). The most abundant HCA found in AX from grain-
based plant tissues is trans-ferulic, but in vegetative tissues, trans-p-coumaric acid levels 
are equivalent or higher than ferulic acid (Dhakarey et al., 2017). Other HCA like sinapic 
and caffeic acid have been quantified in trace amounts in certain plant tissues following 
alkaline hydrolysis and solvent extraction, but they have not yet been isolated as a 
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carbohydrate-linked moiety, so the definitive proof of their attachment to AX remains 
open (Saulnier, 1999) (R. R. Schendel, 2016). UV light exposure results in isomerization 
of the trans HCA into their cis forms.  
Oxidative coupling of ferulic acid with other ferulates, other HCA, and lignin results in 
covalent cross-linking of the plant cell wall polymers both AX-AX and AX-lignin 
crosslinks (Saulnier et al., 1999; Bunzel, Ralph, Funk, & Steinhart, 2005; Ralph, Grabber, 
& Hatfield, 1995). UV light exposure also activates another cross-linking mechanism and 
forms cyclobutene homodimers. These crosslinks act as a protective mechanism by 
reducing water solubility, increasing structural rigidity, and reducing enzymatic 
digestibility to ward against fungal disease and insect pressure (Marcia & Fescemyer, 
2012) (Hatfield, 1993).  
2.3.4 Arabinoxylan sidechain complexity  
AX structure sidechains substituted to the xylan backbone range in complexity. The 
simpler side chains include disaccharides such as α-L-arabinofuranosyl(1→2)-α-L-
arabinofuranose or β-D-xylopyranosyl-(1→2)-α-L-arabinofuranose (Verbruggen et al., 
1998) (Bunzel et al., 2002). Trisaccharides include β-D-galactopyranosyl-(1→2)-β-D-
xylopyranosyl-(1→2)]-α-L-arabinofuranose (Appeldoorn, de Waard, Kabel, Gruppen, & 
Schols, 2013). Two tetrasaccharide heteroxylan side chains (side chains 1 and 2) and one 
trisaccharide (sidechain 3) were isolated from maize brain (Allerdings, Ralph, Steinhart, 
& Bunzel, 2006) (Figure 2-2).   The alpha-conformation of terminal xylose in sidechain 
1 and the presence of L-galactose in both sidechain 1 and 2 are unusual and complex 
structure elements. The unique complexity of these structural elements presents more 
10 
than mere academic interest, since enzymatic degradation of these components requires 
additional enzymes, for example, an α-xylosidase will be necessary to degrade side 
chains 1 and 2. Sidechains 1 and 2 have been isolated individually and not as AXOS (i.e. 
the sidechain linked to a portion of the xylan backbone), but sidechain 3 has been 
isolated as an AXOS (Table 2-4, entry 39) (Appeldoorn et al., 2013). Isolating these 
complex sidechains as AXOS confirms the sidechains are glycosidically linked to the 
xylan backbone and thus a part of AX structure.  These unusual sidechains highlight the 
potential that other yet-undiscovered complex side chains may also exist and contribute 
to the complexity of AX structure. 
2.3.5 Endo-β-1,4-D xylanases of different glycoside hydrolase families 
Endo-β-1,4-D xylanases (EC 3.2.1.8, xylanases) are a specific group of enzymes within 
the glycoside hydrolases (GH) family that hydrolyze β-1,4 linkages of heteroxylan 
carbohydrates, including AX (Lombard, Golaconda Ramulu, Drula, Coutinho, & 
Henrissat, 2014). The GH family consists of sub-families which are grouped together 
based on their amino acid sequence and catalytic modules. Most endo-β-1,4-D xylanases 















Figure 2-2. Complex heteroxylan AX sidechains isolated in maize bran 
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141 (Lombard et al., 2014; Pollet, Delcour, & Courtin, 2010).  Many of these xylanases 
share common tertiary protein structure patterns across families, and thus belong to 
superseding clans (i.e., GH 5 and 10 belong to clan GH-A, whereas GH 11 belongs to 
GH-C).  
GH10 and GH11 xylanases are retaining GHs, meaning that the enzyme preserves the 
stereochemistry of the xylose post-hydrolysis (i.e., cleavage of β-1,4 xylosidic linkage 
results in two xylooligosaccharides with β-conformation). The xylanases achieve this 
through a double displacement catalytic mechanism (Figure 2-3). Two amino acids in 
the catalytic domain with carboxyl groups, one protonated and one deprotonated, act as 
the proton donor and nucleophile, respectively. The nucleophile attacks the C1 carbon 
on the xylose, as the oxygen in the glycosidic bond takes a proton from the proton 
Figure 2-3. Double displacement mechanism of GH10 and GH11 enzymes. Brackets 
designate transitional states. Adapted from (Badieyan, Bevan, & Zhang, 2012) 
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donor. The xylose and enzyme enter a transitional state as the protonated R group 
leaves, xylose bonds to the nucleophile, and water enters the catalytic site. The proton 
donor takes a proton from water, and the oxygen in water attacks the C1 carbon. The 
xylose-enzyme complex enters a secondary transitional state as the xylose detaches 
from the nucleophile, the proton donor is re-protonated, and the xylose now has a 
hydroxyl group. The nucleophile and proton donor in the catalytic domain of most 
GH10 and GH11 enzymes are both glutamates (Lombard et al., 2014). Subsites 
surrounding the catalytic domain accommodate for substitutions on the substrate 
backbone, allowing for differing enzymatic activity and affinity towards varying AX 
structures. The amino acid residues that line the interior of the subsite play a major role 
in substrate recognition and binding of intermediate/transitional products (Pollet et al., 
2010).  
GH10 xylanases can cleave β-1,4 linkages on the non-reducing side of a mono- or di-
substituted xylose. Because GH10 can cleave so close to xylan backbone substituents 
and has a high affinity/activity for xylo-oligosaccharides, GH10 produces 
monosaccharides and small substituted oligosaccharides (i.e., xylose, A3X or A2X, see 
Table 2-2. Glucoside hydrolases (GH) xylanase and corresponding smallest substituted 
arabinoxylan oligosaccharides (AXOS) Adapted from (Pollet et al., 2010) 
13 
Table 2-2) (Pell, Taylor, et al., 2004). In the subsite of GH10 enzymes, polar amino acids 
interact with the hydroxyl groups on xyloses, while aromatic amino acids will 
hydrophobically interact with xylose through ring stacking (Charnock et al., 1998). The 
high affinity/strong bonding of the GH10 subsites gives GH10 xylanase great hydrolyzing 
capacity (Charnock et al., 1998). The structures of both the active site and subsites are 
highly conserved in GH10, though small variations in the subsite amino acid sequence, 
such as in Cellvibrio japonicus xylanase 10C, results in low activity for low DP xylans (Pell, 
Szabo, et al., 2004) (Pollet et al., 2010). 
GH11 enzymes also cleave β-1,4 linkages of heteroxylans. The smallest unsubstituted 
and substituted hydrolyzed oligosaccharide GH11 enzymes produce is xylobiose (2X) 
and β-D-xylopyranosyl-(1→4)-[α-L-arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)-
D-xylopyranose
(XA3X), respectively (Vardakou et al., 2008) (see Table 2-2). GH11 enzymes require a 
minimum of three consecutive unsubstituted xyloses to cleave a xylosidic bond, which 
limits their ability to cleave highly substituted xylan backbones (Pollet et al., 2010). 
Computer modeling of GH11 xylanases complexed with substituted carbohydrate 
indicate steric hinderance between the substrate sidechains and subsites close to the 
catalytic domain (Gruber, Klintschar, Hayn, Schlacher, Steiner, & Kratky, 1998).  
Overall, GH10 xylanases can cleave at many different β-1,4 xylosidic linkages along the 
xylan backbone and thus have a lower specificity, whereas GH11 xylanases prefer an 
unsubstituted xylan backbone and thus exhibit a higher specificity (Pollet et al., 2010). 
Xylanases from both these families have been used to produce AXOS to improve our 
structural understanding of AX from different monocot species.  
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2.3.6 Arabinoxylan structural differences influence enzymatic digestibility  
As referenced in 2.3, AX have an intricate and variable structure due to their wide 
range of DP and DS patterns, as well as the presence of HCAs ester-linked to arabinose. 
HCAs crosslink with other phenolics, producing cross-linked AX with physically limited 
access to the xylan backbone (Hatfield, 1993). DS of AX will influence which family of 
xylanases (GH10 or 11) will access the xylosidic linkages. An AX structure with greater 
substitution levels will limit GH11 xylanases’ ability to cleave the backbone, whereas 
GH10 xylanases, which can cleave xylosidic linkages adjacent to substituted xyloses, can 
still access an AX structure with high DS (Pollet et al., 2010).  With the help of other 
hydrolytic enzymes, certain substituents can be removed from the xylan backbone, thus 
creating cleavage sites for xylanases. 
Enzyme mixtures containing xylanase and other AX-degrading enzymes such as α-
arabinofuranosidase (EC 3.2.1. 55), β-xylosidase (3.2.1.37), and feruloyl esterase (EC 
3.1.1.72) degrade AX into xylo-oligosaccharides and AXOS more efficiently than pure 
xylanase (Makaravicius, Basinskiene, Juodeikiene, van Gool, & Schols, 2012). α-
Arabinofuranosidase cleaves the terminal, non-reducing arabinofuranose residues off 
AX, β-xylosidase cleaves individual terminal xyloses from (1→4)-β-D-xylans on the non-
reducing end, and feruloyl esterases cleave ferulic acids from arabinose. Each of these 
hydrolytic enzymes contribute to removing sidechains or xylose residues from the 
backbone of AX. Such synergistic enzyme preparations are needed to more completely 
degrade AX and improve energy efficiency in carbohydrate digestion.  
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Some sidechains are resistant to hydrolysis, for example, (1→2)-β-xylose-(1→3)-α-
arabinose substituent cannot be hydrolyzed by GH62 α-arabinofuranosidase because of 
the (1→2)-β-xylose substitution (Bowman, Dien, Vermillion, & Mertens, 2014; Bowman 
et al., 2015). In another example, an α-L-galactopyranosyl-(1→2)-β-D-xylopyranosyl-
(1→2)-5-O-trans-feruloyl-L-arabinofuranose sidechain was found in multiple AXOS 
sourced from corn grain fiber treated with a mixture of xylanase, arabinofuranosidase, 
and xylosidase (Appeldoorn et al., 2013) (see Figure 2-2), indicating that this structural 
element was resistant to this enzymatic cocktail. 
To understand how to break down particularly recalcitrant sidechains, their full 
structure must first be elucidated to better tailor enzyme cocktails. 
2.3.7 Enzymatically derived arabinoxylan oligosaccharide reference library  
Digestion of AX with endoxylanases releases AXOS, and the literature contains an 
abundance of fully characterized AXOS structures derived from many different 
endoxylanases, diverse preparative methods, and plant sources. Table 2-3 and Table 
2-4 is a consolidated library of these known xylanase-derived AX structural elements 
and contains the characterized AXOS structure and corresponding citation, as well as 
the plant source, sample preparation, endoxylanase source, and International Union of 
Pure and Applied Chemistry (IUPAC) name. IUPAC names were either extracted from 
the referenced article (if given) or named based on the sequential method for 
oligosaccharides (McNaught et al., 1997). The library includes both 
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feruloylated and non-feruloylated AXOS, though the original research discussed in the 
RESULTS AND DISCUSSION section focuses on non-feruloylated AXOS. The AXOS 
reference library includes vegetative and grain tissue sources, alkaline and acid 
preparations (if applicable), and endoxylanases sourced from fungi and bacteria. Stating 
the alkaline and acid preparations highlights the potential alkaline artifacts (removal of 
ester-linked phenolics) and acid artifacts (cleaving the acid-labile arabinofuranose 
glycosidic linkage to the xylan backbone) (Saulnier, Vigouroux, & Thibault, 1995). If 
defined in the article, endoxylanases are either from GH 10 and/or 11. Entries are 
organized from date of discovery by oldest to newest. 
The isolation of structure 1, and lack of smaller oligosaccharides, suggested that 
structure 1 was the limit AXOS for endoxylanase digestion. Structure 1 was the smallest 
AXOS with the trans-ferulic acid esterified to the arabinose (Kato et al., 1983). 
Structure 1 is produced in a broad range of different cereals and plant tissues following 
endoxylanase digestion and is one of the most ubiquitous AXOS (Gubler et al., 1985) 
(Mueller-Harvey et al., 1986) (Ishii, 1991).   
Table 2-3. Consolidated structural comparison of characterized arabinoxylan 
oligosaccharides (AXOS) derived from endoxylanase treatment 
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31 (Lequart et al., 1999) 
Wild rice whole 
grains (Zizania 
aquatica, L.) 
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M3 from Trichoderma 
longibrachiatum 
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Basidiomycetes sp. 43-45 
(R. R. Schendel et al., 
2015) 




GH10 from Cellvibrio 
japonicas, and a GH11 
from 
Neocallimastix patriciarum 
46-50 (Tryfona et al., 2019) 
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The next breakthrough in AX structural research was the isolation of structure 2, a 
trisaccharide AXOS with trans-p-coumaric (another HCA) esterified to O5 on the 
arabinose, (Mueller-Harvey et al., 1986). Enzymatic digestion of sugarcane bagasse 
(fibrous pulp after juice pressing) produced the feruloylated tetrasaccharide structure 3 
(Kato et al., 1987).  
Vliegenthart published several papers on alkaline-treated wheat endosperm AXOS 
hydrolyzed by endoxylanase purified from Aspergillus awamori. The non-feruloylated 
oligosaccharides (structures 4-24) range from tetrasaccharide to 14-unit saccharides. 
Some of the unique structural features that were characterized in this work included 
disubstitution of arabinose to a single xylan and/or multiple substitution sites (Hoffmann 
et al., 1991) (Hoffmann et al., 1992) (Harry Gruppen et al., 1992). Overall, however, 
these AXOS structures are relatively simple and do not display complex sidechains. 
Structures 25 and 26 were isolated with Aspergillus awamori endoxylanase from alkaline-
treated barley AX. Both structures contained an arabinose mono-substituted to the 
xylan backbone by a 1→2 glycosidic linkage instead of the more common 1→3 linkage 
point (Vliegenthart et al., 1994).  Sorghum grain AX were isolated via barium hydroxide, 
which removes the esterified HCA. Four novel AXOS (structures 27-30) were isolated 
with glucuronic acid substituted to the xylan backbone (Verbruggen et al., 1998). 
Structure 31 was isolated from wheat bran and is like structure 3, but it has an 
additional xylose on the backbone (Lequart et al., 1999).  Structure 32 has xylopyranose 
substituted to feruloylated arabinose, one of the first complex, oligosaccharide 
sidechains to be isolated (Bunzel et al., 2002). Novel AXOS structures 33 and 34 were 
isolated and characterized following endoxylanase hydrolysis of alkaline-treated barley 
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husks (Höije et al., 2006). A purified enzyme product was utilized (M3 from Trichoderma 
longibrachiatum GH11), which resulted in greater control of the AXOS products (Höije 
et al., 2006). In many previous studies, the endoxylanase product was a mixture of 
several enzymes (endoxylanases and other) or uncategorized. Digests from purified 
enzymes provide a better understanding of how different families of endoxylanases 
(GH10 or 11) hydrolyze AX. Structure 35 (an unferuloylated tetrasaccharide with 
xylopyranose substituted to arabinose) was isolated in barley husk, corn cob, rice husk, 
oat spelt, and wheat straw (Pastell et al., 2009).  
Two AXOS (36 and 37) were characterized from switchgrass. Structure 36 has an 
arabinose (1→2) linked to an arabinose substituted on a xylotetraose (4X) and 
structure 37 has a single arabinose substituted to a 7-unit xylan backbone (Mazumder et 
al., 2010). Three highly complex novel AXOS were isolated from corn husk, each 
displaying acetylation of the xylan backbone. In addition, structures 38 and 39 had 
trisaccharide sidechains, with galactopyranose (1→2) linked to xylopyranose (1→2) 
linked to arabinofuranose (Appeldoorn et al., 2013). Switchgrass was hydrolyzed by 
GH11 endoxylanase to produce structures 41 and 42 (Bowman et al., 2015). Three 
novel oligosaccharides were hydrolyzed from intermediate wheat grass. Structure 43 
was a disubstituted hexasaccharide with one feruloylated and unferuloylated arabinose. 
Structure 44 and 45 both had cis-ferulic acid esterified to arabinose (R. R. Schendel et 
al., 2015). In a recent publication using a novel DNA sequencer-assisted saccharide 
analysis in high throughput (DASH) method to profile AXOS, structures 46-52 were 
characterized, many of which had a methylated glucuronic acid as a structural feature 
(see 2.6.2 for more about DASH) (Tryfona et al., 2019). Taken together, the library 
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entries illustrate the wide range of AX structural elements produced in nature and the 
structure-clarifying potential of an endoxylanase-based profiling method. 
Table 2-4. Structure and International Union of Pure and Applied Chemistry (IUPAC) name, 
and Reference Number of arabinoxylan oligosaccharide (AXOS) derived from endoxylanase 
treatment. IUPAC nomenclature follows sequential method 



















































































































































































































xylopyranosyl-(1→4)-D-xylopyranose (minor GH11) 
2.4 Microbial digestion of arabinoxylan and other complex xylans 
AX are fermented and digested by a variety of microorganisms that produce a range of 
hydrolytic enzymes in both ruminant and human hosts. These microorganisms can work 
either in concert or competitively to break down the complex polysaccharide into more 
useable and metabolically accessible mono- and oligosaccharides. Digestive 
environments differ depending on animal source (human vs. ruminants) (Dodd & Cann, 
2011).  
In humans, the Bacteroides genus is abundant in the large intestine and plays a large role 
in the digestion of AX (Dodd & Cann, 2011). A detailed model study used Bacteroides 
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ovatus to investigate the xylan degrading apparatus of the genus. Depending if the 
present xylan polysaccharide is simple or complex (i.e., highly branched), Bacteroides 
ovatus can readily adapt and transcribe certain GH enzymes best suited to the structure 
(Rogowski et al., 2015). Surface enzymes that act extracellularly, but are anchored to 
the bacterial membrane, cleave the xylan polysaccharides into simpler, smaller 
structures. The cleaved mono- and oligosaccharides are then imported across the 
membrane for further digestion. In Bacteroides ovatus, GH30, GH98, and GH10 surface 
endoxylanases cleave complex AX and glucuronoxylans, each having a different affinity 
and activity based on the presence of methylated glucuronic acid substituents and DS. 
Other surrounding microorganisms (such as Bifidobacterium) can then consume the 
released monosaccharides. While many sections along the polysaccharide can be 
digested, there are very complex substitutions and side chains which are very resistant 
to hydrolysis digestion. 
The most relevant example of a highly complex AX structures are those derived from 
corn-derived AX, which are highly substituted with a variety of complex side chains, 
contain high levels of ester-linked phenolic acids, and are extensively cross-linked 
(Bunzel, Ralph, Marita, Hatfield, & Steinhart, 2001; Dhakarey et al., 2017; Rachel R 
Schendel, Meyer, & Bunzel, 2016). A complex structural unit that emerged after 
incubation with known effective hemicellulosic-degrading bacteria such as 
Thermoanaerobacterium thermosaccharolyticum was [α-D-glucopyranuronic acid-(1→2)]-β-
D-xylopyranosyl-(1→4)-[α-D-xylopyranosyl-(1→3)][α-D-xylopyranosyl-(1→2)-α-L-
arabinofuranosyl-(1→3)]-D-xylopyranose (Figure 2-4) (Beri, York, Lynd, Peña, & 
Herring, 2020). The ability of this structural unit to resist microbial degradation is due 
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to its complex structure exhibiting 1) dense substitution on a 2X backbone and 2) the 
occurrence of α-xylopyranose. To improve bacterial fermentation and utilization of AX 
carbohydrates, the authors then supplemented targeted enzymes with the bacterial 
cocultures (Beri et al., 2020). One enzyme that improved carbohydrate utilization was 
α-D-xylosidase (GH31), which removed the unusual terminal α-D-xylose residues from 
complex sidechains (Figure 2-4). This study not only identified a newly characterized 
sidechain, but also demonstrates how specific structural units require specific enzymatic 
machinery to achieve full digestion to monosaccharides. A potential application of this 
type of approach would be a multispecies co-culture study conducted from rumen 
microorganisms in vitro to elucidate the recalcitrant sidechains and AXOS that exist 
post-digestion. There is a need for validated quantitative methods to rapidly determine 
AXOS quantity and variety for such disappearance studies. 
2.5 Carbohydrate digestion in ruminants 
Feed efficiency is a driving force for animal nutrition research; this concept focuses on 
ensuring greatest conversion of feed to body mass, without increasing dry intake matter. 
Figure 2-4. Highly substituted AXOS sidechain derived from coculture fermentation 
(Beri et al., 2020) 
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Improved efficiency can decrease the cost of feeding, as well as reduce methane 
production (Alexandratos, 2012; McBride, 2011). Cattle are ruminant livestock, meaning 
they have a digestive system adapted to predominantly complex carbohydrates sourced 
from a variety of forages (Krause et al., 2003). Their digestive system includes a distinct, 
four-chambered stomach, consisting of the rumen, reticulum, omasum, and abomasum. 
For cattle, feed inefficiency stems from the nature of ruminant digestion, which has poor 
nitrogen incorporation and incomplete fiber digestion (Krause et al., 2003). Though 
digestion and fermentation occur in other parts of the digestive system (hindgut, 
omasum, abomasum), the rumen is the first onset of digestion of masticated food 
material and provides 70% of energy to host through fermentation of forage (Seymour, 
Campbell, & Johnson, 2005).  Many researchers worked to optimize feed efficiency by 
altering the rumen microbiome (population, amount, diversity) through a variety of 
methods such as introducing new forage/diet change, antibiotics, probiotics, or 
inoculating new bacterial species (J. E. Edwards, Huws, Kim, Lee, Kingston-Smith, & 
Scollan, 2008). 
The rumen of an adult cow ranges from 100-150 liters in volume and is the primary site 
of digestion, where the rumen microbiome ferment anaerobically the cellulose, starch, 
AX, and other carbohydrates derived from the forage source. There are a minimum of 
350 distinct identified strains of bacteria (Joan E Edwards, McEwan, Travis, & Wallace, 
2004). Microbial fermentation produces large quantities of SCFA, crucial energetic 
metabolites for ruminants. SCFAs such as propionate, acetate, and butyrate act as 
precursor molecules for glucose and fatty acid production. SCFA also play a huge role in 
the supporting the growth of the biome by being fuel for neighboring bacteria and 
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adjusting the pH to selectively control microbial populations (Hungate, 1966). The pH of 
the rumen will alter depending on the feed type, and if improperly fed, cattle may suffer 
from ruminal acidosis.  
The rumen microbiome consists of dozens of phyla, with Firmicutes and Bacteroidetes 
being the most predominant phyla. The population density ratio between these phyla 
shift based on the main source of feed, i.e., grain or forage (Fernando et al., 2010). 
Firmicutes are more abundant in the rumen on a forage-based diet, whereas 
Bacteroidetes are more dominant in animals fed concentrates (grain-based 
supplements). The predominant bacterial species within the Firmicutes phylum that 
contribute to fibrolytic degradation include the Gram-positive Ruminococcus albus, 
Ruminococcus flavefaciens, and Buyrivibrio fibrisolvens (Krause et al., 2003). 
Monensin, a common antibiotic used to limit ruminal acidosis during transition to high 
grain diets, has been shown to also increase weight gain beneficially without decreasing 
feed quantity (Tomkins, Denman, Pilajun, Wanapat, McSweeney, & Elliott, 2015). 
Altering the rumen biome with antibiotics reduces dry matter intake during a 
transitioning/finishing diet is a short-term solution in improving feed efficiency and 
preventing ruminal acidosis (Callaway, 2003). 
Many factors interfere with digestion rate and accessibility of forage including particle 
size, cell well architecture, and lignified stem tissues (Engels & Jung, 2005; H.-J. G. Jung, 
Samac, & Sarath, 2012; Wilson & Mertens, 1995). Cell wall lignification and AX 
crosslinking via ferulic acid dimers interfere with ruminant digestion of forage by limiting 
enzymatic accessibility to carbohydrates. AX crosslink with each other via oxidative 
coupling of diferulates and AX crosslinks with lignin (Grabber, Hatfield, Ralph, Zon, & 
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Amrhein, 1995). This chemical crosslinking has shown to reduce digestibility of cellulose 
in experiments using a model polymer for lignin (Gressel, Vered, Bar-Lev, Milstein, & 
Flowers, 1983; H. Jung & Ralph, 1990). While the microbiota produce feruloyl esterase 
enzymes that can assist removal of HCAs via de-esterification, the rumen’s anaerobic 
conditions are not conducive for breaking ether linkages (formed in lignification) (H. 
Jung & Allen, 1995). Reduction of such crosslinking can contribute to overall accessibility 
and digestibility of cell wall carbohydrates (Grabber, 2005). One researcher strove to 
reduce ferulate crosslinks in forage materials by genetically engineering the expression 
of Aspergillus niger fungal ferulate esterase in vacuole tissues upon cell death (Buanafina, 
Langdon, Hauck, Dalton, & Morris, 2008). Mono- and diferulates were released upon 
cell death and released more when paired with endoxylanase. Continued research in 
this field could lead to substantial breakthroughs in forage digestibility.  
Although the dampening effect of ferulate-crosslinking of AX on ruminant digestion is 
relatively clear, there is limited understanding of how variations in other structural 
components of this cell wall carbohydrate affect ruminant fermentation. Structural 
elucidation of the complex carbohydrates like AX in forage materials will allow for an 
intimate understanding of digestion and a more finessed approach to achieving better 
nutrition and feed efficiency. 
37 
2.6 Application of high-performance anion-exchange chromatography (HPAEC-PAD) 
for carbohydrate analysis 
2.6.1 Introduction to high-performance anion-exchange chromatography (HPAEC-PAD)  
HPAEC-PAD is a powerful analytical tool for analyzing carbohydrates. Because 
carbohydrates are weak acids and have a high pKa (~12-14), carbohydrates in a 
strongly basic pH environment will transform into oxyanions, where the hydroxyl 
groups are 
deprotonated. This conversion from a neutral molecule to a negatively charged 
molecule provides a way to separate carbohydrates based on charge affinity. HPAEC-
PAD columns are packed with pellicular resin beads with a polystyrene/divinylbenzene 
Figure 2-5. Composistion of resin bead from high-performance anion-exchange 
chromatography (HPAEC-PAD) column adapted from (Rohrer, 2012) 
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Figure 2-5). The coating produces a positive charge on the resin surface, allowing for 
negatively charged carbohydrates to interact with the column. Columns are adapted for 
different carbohydrate categories and saccharide size by manipulating the core material, 
resin bead diameter size, and level of core crosslinking. Most HPAEC-PAD pumping 
systems are adapted to handle at least two separate eluents to develop an elution 
gradient. This gradient allows for slight changes in the anionic strength of the mobile 
phase, which alters the affinity of analytes to the column and enables greater separation 
of eluting peaks.  Carbonate is an anionic compound that can bind strongly to HPAEC-
PAD columns, resulting in poor analyte resolution and inconsistent retention times. 
Since carbonate is easily formed in the presence of alkaline solution and carbon dioxide, 
the alkaline HPAEC-PAD eluent must be degassed and stored under positive pressure 
from an inert gas (nitrogen or helium) to prevent contamination with carbon dioxide. 
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Many different detector types have been developed for liquid chromatography, and the 
one most paired with HPLC is ultraviolet absorption. However, carbohydrates are only 
weakly UV-active at 190 nm or less, making them ill-suited for UV-based detection 
without derivatization (Corradini et al., 2012). For Pulsed Amperometric Detection 
(PAD), electrodes are exposed to three different pulse potentials to detect analytes and 
recalibrate the electrode/desorb analyte (Figure 2-6). A triplicate waveform PAD pulse 
sequences begin with an initial potential for detection (Edet), where analytes adsorb to 
the electrode for certain duration (t1). t1 breaks down into tdel and tdet. The second 
potential (Eoxd) is positively increased during t2 to oxidize surface analytes. The last 
potential (Ered) is decreased greatly (much less than Edet) for a period of t3 to reduce the 
analytes and recalibrate the electrode (Figure 2-6). In the following pulse sequence 
round, the potential reaches Edet during tdel and the analyte oxidation current is 
integrated during tdet. Gold, platinum, and glassy carbon are standard materials used to 
make electrodes for this detection system. Gold electrode sensitivity for 
monosaccharide detection is optimal in basic pH conditions, which corresponds with 
Figure 2-6. Schematic example of triple pulsed-potential sequence adapted from (Corradini et 
al., 2012) detection potential (Edet), oxidation potential (Eoxd), reduction potential (Ered), detect 
time (t1), oxidize time (t2), reduce time (t3), time to detect/integrate (tdet), delay time (tdel) 
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the HPAEC-PAD column environment. Carbohydrates require lower voltage levels than 
most other compounds due to the number of oxidizable functional groups, resulting in 
exceptionally high sensitivity. PAD is sensitive to temperature fluctuations (Schaffler 
1996), thus, the detector compartment must be temperature-regulated to ensure 
consistent data. Although triple-pulse potential sequences are common, adaptations to a 
quadruple waveform have shown improved long-term reproducibility in the detection of 
carbohydrates and longevity of the gold electrode (Rocklin, Clarke, & Weitzhandler, 
1998)  
2.6.2 Other leading analytical methods in carbohydrate research 
Gas chromatography coupled with mass spectrometry (GC/MS) is another method used 
to study carbohydrate structure. Carbohydrates in their natural state are not volatile, 
and thus must be derivatized with volatile functional groups. In the commonly used 
methylation analysis of glycosidic linkages, a multi-step process is employed (Pettolino, 
Walsh, Fincher, & Bacic, 2012). Carbohydrate polymers are first permethylated, 
followed by hydrolysis of glycosidic linkages. The newly exposed hydroxyl groups 
exposed by the hydrolysis step are then derivatized via silylation or acetylation.  
A relatively new analytical method called DASH has been developed and used to 
separate and detect complex grass glucuronoarabinoxylan (GAX) oligosaccharides (Li et 
al., 2013) (Tryfona et al., 2019). The method combines capillary electrophoresis with 
laser-induced fluorescence (CE-LIF) with a DNA sequencer instrument to separate and 
identify up to almost 100 samples running at once. Carbohydrates are labelled with the 
fluorescence tag 9-aminopyrene-1,4,6-trisulfonate (APTS) on the reducing end via 
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reductive amination. Tagged carbohydrates are separated with electrophoresis and then 
quantified based on relative fluorescence units. While this method can run up to 96 
samples at once with a high degree of separation, it requires a derivatization step to 
make the carbohydrates detectable. 
Although NMR is necessary to fully characterize unknown oligosaccharide structures, it 
is not an ideal method to rapidly screen or mixtures of compounds with low 
concentrations because of its limited sensitivity. Compared to NMR, HPAEC-PAD is 
vastly more sensitive (pM vs. mM) (Corradini et al., 2012). However, when a sufficient 
sample size has been collected, NMR does shine in its ability to elucidate the full 
chemical structure of carbohydrates. Various 2D NMR experiments provide structural 
information. For example, 1H,13C heteronuclear single quantum coherence (HSQC) can 
be used to determine the carbon shifts of a carbohydrate molecule by detecting the spin 
correlation coupling of directly neighboring carbons and protons, whereas 1H,13C 
heteronuclear multiple bond correlation (HMBC) discerns the coupling arrangements of 
neighboring sugar units by measuring spin correlations between carbons and protons 
separated by two to four bonds (Duus, Gotfredsen, & Bock, 2000).  
2.6.3 Advantages of high-performance anion-exchange chromatography (HPAEC-PAD)  
One of the main advantages of HPAEC-PAD is the ease of sample preparation and 
disposal. With other analytical techniques such as gas chromatography, the carbohydrate 
must be derivatized to be volatilized (Huber & Bonn, 1995). Derivatization is often 
incomplete, which complicates quantitative efforts. Additionally, some of the commonly 
used derivatization chemicals, such as methyl iodide, are quite toxic to human health. In 
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addition, HPAEC-PAD is a non-destructive method, so the compounds can be further 
analyzed after they exit the PAD detector, for example, by a coupled mass 
spectrometer, or collected for other analysis. This is particularly helpful in making 
standards or characterizing structures. The instrument is also extremely sensitive, with 
detection in the picomole range. A wide range of carbohydrate types can be measured, 
including monosaccharides and oligosaccharides, and sugar alcohols (Ouchemoukh, 
Schweitzer, Bey, Djoudad-Kadji, & Louaileche, 2010; Virkki, Maina, Johansson, & 
Tenkanen, 2008). It can also separate isomers and anomers, allowing for quantification 
of many different carbohydrate structures. Most run times fall between 20-60 min 
depending on gradient length, making HPAEC-PAD a relatively rapid instrument for 
separation and quantification of oligosaccharide mixtures. 
2.6.4 Limitations of high-performance anion-exchange chromatography (HPAEC-PAD) 
One of the main limitations of using HPAEC-PAD for oligosaccharide profiling is the lack 
of standards available for many oligosaccharides (Corradini et al., 2012). Standards are 
necessary for identification by having the equivalent retention time under the same 
gradient conditions. The AX polysaccharide is far too large to analyze in its intact form 
on the HPAEC-PAD, however, after digestion with endoxylanase enzymes, the unique 
released oligosaccharides can be separated and detected with HPAEC-PAD. When 
standards are available, oligosaccharides can be identified and quantified in the enzymatic 
hydrolysates, and the resulting quantitative profile of the different structural elements 
released by the endoxylanase provides information about the original polysaccharide. 
Megazyme has developed and produced some AXOS standards (Mechelke et al., 2017) 
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(see Table 6-9 for structures and name abbreviation). The oligosaccharide standards 
chosen for this project include β-(1→4) linked xylooligosaccharides with degrees of 
polymerization ranging from 2-6, which represent unsubstituted stretches of the AX 
xylan backbone. Additionally, several mono- and disubstituted AXOS ranging from 
trisaccharides to pentasaccharides were obtained. 
2.6.5 Development and validation of a quantitative high-performance anion-exchange 
chromatography (HPAEC-PAD) method for oligosaccharides and endoxylanase 
fingerprinting 
HPAEC-PAD has been used for enzymatic fingerprinting studies. One study classified 
and clustered 20 different wheat varieties based on their enzymatic AXOS fingerprint 
and baking quality. Mono- vs. di- substituted AXOS had the largest impact on wheat 
cultivar clusters (Ordaz-Ortiz, Devaux, & Saulnier, 2005). The variation of AXOS 
substitution pattern impacted the AXOS solubility. These clusters give insight to the 
wheat varieties that produce more WEAX oligosaccharides and that may improve 
baking quality. 
An HPAEC-PAD based profiling approach has been previously used for quantitative 
comparison of enzymatic hydrolysates of various plant polysaccharides. Wefers et al. 
(2016) developed a quantitative HPAEC-PAD method to examine arabinans and 
galactans pectic sidechains following arabinose and galactanase digestion of dicots 
(Wefers & Bunzel, 2016). The authors hydrolyzed and quantified 21 oligosaccharide 
standard compounds isolated from potato pectin and soybean meal. 
Analytical parameters determined included relative response factor (RRF), 
concentration range (CR), limit of detection (LOD), and limit of quantification (LOQ). 
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RRF uses an internal standard against each separate analyte to correct for variations in 
detector response. CR determines the quantifiable range for the given compound. The 
LOD is the minimum concentration that the detector can distinguish a signal from the 
background noise. Finally, the LOQ is the lowest concentration that an analyte can be 
reliably quantified. After the method was developed it was tested on apple insoluble 
fiber, quinoa, and soybean to quantify pectic sidechains. 
2.6.6 Water-soluble carbohydrate profiling of cool-season pasture grasses form central 
Kentucky 
Cool-season pasture grasses, more specifically perennials, are the main grazing forage 
for livestock in Kentucky (Grazer, 2021). These grasses are characterized by their 
seeding and growth during cool temperatures, and limited growth during the summer 
season (Undersander, 1990). Cool-season pasture grasses harvested from central 
Kentucky have been studied for their water-soluble carbohydrate (mono- and 
disaccharides and fructans) and ethanol-soluble carbohydrate (short chain length 
fructans) content based on climate, time of day, and genotype (Kagan, Lawrence, Seman, 
Prince, Fowler, & Smith, 2018). Foliage of perennial ryegrass, tall fescue, and Kentucky 
bluegrass were collected at two different time intervals during the day, and on three 
separate days spanning from late April to late May. Water-soluble and ethanol-soluble 
carbohydrates were extracted, separated, and quantified via colorimetric assay and 
HPLC. Total soluble carbohydrate content across all cultivars and harvest days were 
greater in the afternoon time interval than the morning interval, with sucrose giving the 
largest contribution to that increase. Average fructan concentration and fructan DP 
from harvest date 1 and 2 across all cultivars were also significantly different. 
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2.6.7 Development and validation of a quantitative high-performance anion-exchange 
chromatography (HPAEC-PAD) method to profile cool-season pasture grasses from 
central Kentucky 
The purpose of this thesis is to develop and validate a quantitative HPAEC-PAD method 
for AXOS released by endoxylanase digestion of AX from cool-season pasture grasses. 
Foliage of perennial ryegrass, tall fescue, timothy, and Kentucky bluegrass will be 
harvested and the monosaccharide and HCA content will be characterized. Standard 
AXOS compounds (Megazyme) will be optimally separated on an HPAEC-PAD 
instrument, and RRF, CR, LOD, LOQ, and retention time will be determined and 
validated. Grass samples will be enzymatically digested with Cellvibrio japonicus GH10 and 
Neocallimastix patriciarum GH11. Once a valid method is produced, the cool-season 
pasture grasses’ xylanase-released AXOS will be separated, detected, and quantified. 
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 RESULTS AND DISCUSSION  
3.1 Introduction 
Forage grass samples from timothy (Phleum pratense) “Claire” (planted in 2016), 
perennial ryegrass (Lolium perenne) “Linn” (planted in 2018), bluegrass (Poa pratensis) 
“Ginger” (planted in 2018), and tall fescue (Festuca arundinacea) “Lacefield Max 
QI™” (planted in 2018) were harvested, immediately placed on ice, then frozen and 
lyophilized. Lyophilized forage samples were stored at 4°C. Samples were milled to 0.5 
mm particle size and insoluble cell wall material was isolated via removal of the water-
soluble carbohydrates and destarching (see 6.1.3 for method description).  
The monosaccharide profile of the insoluble cell wall material was determined using the 
Saeman sulfuric acid digest method (Saeman, 1945). Released monosaccharides were 
separated, detected, and quantified on HPAEC-PAD (see 6.2.2). Monosaccharides were 
calculated on a mol/total mol basis. Data was tested for normality via the Kolmogorov-
Smirnov test and statistical significance was determined via 1-way ANOVA. HCA were 
isolated from insoluble cell wall material via alkaline hydrolysis, followed by acidification 
and ether extraction. HCA were separated, detected, and quantified via HPLC paired 
with a diode-array detector (DAD) (see 6.3.3). HCA were calculated on a ug/total g 
basis. Data was tested for normality via the Kolmogorov-Smirnov test and statistical 
significance was determined via 1-way ANOVA. 
Insoluble cell wall material was incubated with two separate xylanases (Neocallimastix 
patriciarum and Cellvibrio japonicus) for 12 hours with water as the incubation medium 
(See 6.4.1). Supernatant was collected and filtered and stored at -20°C. AXOS from the 
Cellvibrio japonicus digest were separated, detected, and quantified via HPAEC-PAD. To 
validate the HPAEC-PAD method, the analytical parameters relative response factor 
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(RRF), concentration range (CR), limit of detection (LOD) Limit of quantification 
(LOQ)retention time (tR HPAEC) of AXOS were determined in quadruplicate and 
triplicate. AXOS amount was calculated on a µmol/g basis. Statistical significance was 
determined via 1-way ANOVA. 
3.2 Monosaccharide analysis of cell wall material  
See 6.2 for methods. 
Pie charts in Figure 3-1demonstrate the (mol/total mol) proportion of the quantifiable 
monosaccharides following acidic hydrolysis of the insoluble cell wall material from each 
grass. These results are presented as ratios rather than absolute amounts due to the 
incomplete hydrolysis of insoluble cell wall material in the Saeman method. The cell wall 
Figure 3-1. Monosaccharide profiles of insoluble cell wall material from cool-season pasture 
grasses (n=4). 
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polysaccharides present in monocots are arabinoxylans, cellulose, and trace levels of 
pectin (Albersheim, Darvill, Roberts, Sederoff, & Staehelin, 2010). Xylose and glucose 
were the major sugars in each pasture grass profile, followed by arabinose then 
galactose, and a small amount of rhamnose in all grasses except perennial rye. The 
glucose concentration was significantly lower (p<0.05) in perennial rye, indicating a 
lower cellulose concentration in the cell walls of the forage. Galactose concentrations 
were significantly higher (p<0.05) in tall fescue and bluegrass compared to perennial rye 
and timothy, which potentially may be related to complex, galactose-containing side 
chains in the AX of these forages. Galactose could also partially arise small amounts of 
pectin (galactan side chains) in these samples. Timothy had a significantly lower amount 
of rhamnose (p<0.05) compared to bluegrass and tall fescue, but the rhamnose levels in 
all samples were very low, and perennial rye had only trace, unquantifiable amounts of 
rhamnose. The rhamnose quantified in the monosaccharide profiles most likely arises 
from pectic sidechains. Perennial rye had a significantly higher (p<0.05) concentration 
of xylose.  
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3.3 Arabinose/xylose ratio of insoluble cell wall material 
See 6.2.1 in Methods. The bar graph in Figure 3-2 shows the A/X ratio in each pasture 
grass. 
This ratio denotes the molar ratio of arabinose and xylose where an A/X ratio of one 
would mean one arabinose for every xylose unit. Typically, grain tissues have a higher 
backbone substitution levels (A/X ratios ranging from 0.5-1) compared to vegetative 
tissues. Of the four species, bluegrass foliage has the greatest A/X ratio at 0.27. Overall, 
these pasture grass forage samples all exhibited a very low arabinose substitution rate, 
which is to be expected from vegetative material. Perennial rye was significantly lower 
(p<0.05) than the bluegrass and timothy, but not tall fescue. 
















Figure 3-2.  Arabinose to xylose (A/X) ratio of insoluble cell wall material of cool-
season pasture grasses. Different letters denote significant difference (p<0.05) 
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3.4 Hydroxycinnamic acid profile of insoluble cell wall material 
See 6.3 in methods. 
The insoluble cell wall material of four grass samples contained ester-linked trans-p-
coumaric, cis-p-coumaric, trans-ferulic and cis-ferulic acid (see Figure 3-3). Trans-ferulic 
acid concentrations were not significantly different between the pasture grasses. Trans-
p-coumaric concentrations varied in significance among the four pasture grasses. 
Timothy grass had significantly lower (p<0.05) amounts of cis-p-coumaric and cis-ferulic 
acid from the other three pasture grasses. Perennial rye also contained a significantly 
lower (p<0.05) amount of cis-p-coumaric acid compared to the other pasture grasses. 
These results match results from other vegetative tissue. For example, Dhakarey et al. 
found roughly equivalent amounts of p-coumaric and ferulic acid in aerial parts of rice 
plants (Dhakarey et al., 2017). In contrast, grain tissue from forage is dominated by 
ferulic acid (Schendel et al., 2015). The cis forms of ferulic and coumaric acid arise from 
UV light-induced isomerization (Kahnt, 1967), which is to be expected in forage tissues 
exposed to sunlight (Yamamoto & Towers, 1985) (Turner, Mueller-Harvey, & McAllan, 
1993). The total levels of ester-linked phenolic acids are over 10,000 µg/g, representing 
a full one percent of the insoluble cell wall material.  
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Figure 3-3. Trans-ferulic, cis-ferulic, trans-p-coumaric, and cis-p-coumaric acid in 
insoluble cell wall material of cool-season pasture grasses. Different letters denote 
significant difference (p<0.05) within hydroxycinnamic group 
3.5 Analytical method development and validation 
3.5.1 Quantitative nuclear magnetic resonance to weigh arabinoxylan oligosaccharide 
standards 
See section 6.5 in methods. 
Quantitative 1H NMR was used to accurately weigh in the commercial AXOS standards 
(Megazyme). These carbohydrates were purchased in mg quantities and are quite 
hygroscopic, which makes weighing them in accurately on a scale nearly impossible. 
Additionally, the purity of the standards was listed as around 95%. Acetanilide was used 
as the internal standard to quantify AXOS, since it is not hygroscopic, available in very 
high purity, and has NMR signals that do not overlap with AXOS (Rundlöf, Mathiasson, 
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Bekiroglu, Hakkarainen, Bowden, & Arvidsson, 2010; Rundlöf, McEwen, Johansson, & 
Arvidsson, 2014). A minimum of three, 1H NMRs were conducted on each sample. For 
all standards, a proton peak from an anomeric carbon or carbons from the non-reducing 
end was selected for integration and quantification of the compound. 1H 13C HSQC was 
used to confirm that the selected proton signal did not overlap with any other signals. 
Carbon and proton shifts were calibrated against published shifts for tert-butanol 
(Gottlieb, Kotlyar, & Nudelman, 1997). Previously published NMR data were used to 
confirm anomeric carbon designations (McCleary, McKie, Draga, Rooney, Mangan, & 
Larkin, 2015). 1H 13C HSQC TOCSY was used to identify anomeric carbons in a 
standard containing two AXOS, β-D-xylopyranosyl-(1→4)- [α-L-
arabinofuranosyl(1→2)]-β-D-xylopyranosyl-(1→4)-β-D-xylopyranosyl-(1→4)-D-
xylopyranose and β-D-xylopyranosyl-(1→4)- [α-L-arabinofuranosyl(1→3)]-β-D-
xylopyranosyl-(1→4)-β-D-xylopyranosyl-(1→4)-D-xylopyranose (XA2XX and XA3XX). 














With variables defined below: 
 mx Mass of AXOS sample (grams)
 m(std) Mass of acetanilide standard (grams)
 P(x) Purity of sample
 P(std) Purity of acetanilide
 MW(x) Molecular weight of sample (g/mol)
 MW (std) Molecular weight of acetanilide
 nH(x) # protons corresponding with signal for designated sample signal
 nH(std) # protons of acetanilide signal
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 A(x) Area of sample signal
 A(std) Area of acetanilide signal
After the mass was confirmed, stock solutions were prepared separately for each 
AXOS.  A working solution containing all ten AXOS standards was created for HPAEC-
PAD method development and validation. 
3.5.2 Optimizing gradient conditions for separation of arabinoxylan oligosaccharide standards 
and lactose 
See 6.4 in methods 
With any form of chromatography, analytes can coelute with the same retention time, 
making it impossible to accurately integrate the peak area and quantify the individual 
analyte. Thus, it is important to develop a tailored HPAEC-PAD gradient method to 
optimize separation and quantification of specific carbohydrate sources.  
Three eluents were utilized in the HPAEC-PAD system to separate the AXOS 
carbohydrates. Eluent A is DI water, eluent B is sodium hydroxide solution, and eluent 
C is sodium hydroxide and sodium acetate solution. In the initial gradient conditions 
(see Table 3-1) the internal standard (lactose) and 2X standard were not fully 
separated, and [α-L-arabinofuranosyl(1→2)]-β-D-xylopyranosyl-(1→4)-β-D-
xylopyranosyl-(1→4)-D-xylopyranose (A2XX) was not separated from xylohexose (6X). 
Modifying the initial conditions to 50% eluent A and then decreasing to 0% eluent A 
over 10 min improved the separation of 2X and lactose (see gradient 2 from Table 3-1).  
Overlapping of the A2XX and 6X required additional modifications. Additional 
adaptations such as modifying the starting conditions to 75% eluent A and shortening 
the gradient time overall (gradient 3 from Table 3-1) produced initial improvements, but 
results were marred by inconsistent retention times between days. Analytes would 
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right-shift by 0.5-1 min over a 4-day period. Shifting retention times severely weaken 
HPAEC-PAD methods, as the identity of the analyte peak can only be determined by 
comparing retention times between samples or spiking with standards. In addition, 
several peaks experienced co-elution with the shifting retention times. Instrument 
troubleshooting identified the origin of the inconsistent retention times and analyte 
separation to be scratched pump sapphire pistons and a leaking pump seal. The pump 
seal consists of a rubber O-ring and ensures a liquid-tight fit between pump lines and 
other pump parts while the pistons ensure precise pumping of eluent volume dictated 
by the gradient. Deficiencies in either of these parts results in inconsistent eluent 
pumping and pump leakage. With the replacement of pump parts, consistent retention 
times were achieved and the gradient optimization could continue (see Figure 3-4).  
Figure 3-4. A) Retention times of arabinoxylan oligosaccharide (AXOS) standards over 
a 4-day period prior to pump maintenance B) and after pump maintenance 


































In Gradient 4, the gradient wash step was extended to include a 20-min 100% sodium 
acetate wash followed by a 20-min 100% sodium hydroxide wash.  The equilibration 
step was also increased from 10 min to 20 min (25% B and 75% A) (see Table 3-1).  
Sodium acetate concentration was increased from 0.2 M to 1M to increase the wash 
strength. Eluent percentage was adapted the following on gradients to have the same 
Table 3-1. Progression of gradient development to ensure separation of 
arabinoxylan oligosaccharide (AXOS) standards. Eluent A [de-ionized (DI) 
water] is yellow, eluent B [sodium hydroxide (NaOH)] is green, eluent C 
[sodium hydroxide and sodium acetate (NaOH+NaOAc)] is blue.  





















100% C and B 
increased to 










Initial 100% B 
step increased 








concentration amount of sodium acetate during the separation portion of the gradient 
as previously (see gradient 5 in Table 3-1). 
Gradient 6 lengthened the 100% eluent B step prior to the introduction of eluent C 
from 10 to 20 min. The addition of five-min plateaus at different time points during the 
ramping up of eluent C was tested to help separate A2XX, 6X, and [α-L-
arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)- D-xylopyranose (A3X). Separation 
improved, and the greatest improvement was seen by positioning the five-min plateau at 
24.5-29.5 min, or 5% eluent C (gradient 7 in Table 3-1). Finally, optimization of the 
column temperature showed that 30°C produced the best separation (see Figure 3-5 
and Figure 3-6). 
Figure 3-5. Gradient 7 at differing column and compartment temperatures 






















Gradient 7 at 30°C showed consistently the best separation of the standards, although, 
A2XX and 6X still shoulder slightly (see Figure 3-7). The remainder of the validation 
and quantification experiments used Gradient 7 to separate analytes. 
Figure 3-6. Comparison of separation of [α-L-arabinofuranosyl(1→2)]-β-D-
xylopyranosyl-(1→4)-β-D-xylopyranosyl-(1→4)-D-xylopyranose (A2XX), xylohexose 
(6X), and [α-L-arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)- D-xylopyranose 
(A3X) in Gradients 6 and 7. In Gradient 6, A2XX and 6X combine as a single peak. 



















Figure 3-7. Arabinoxylan oligosaccharide (AXOS) standards and internal standard lactose peak 
identity on finalized HPAEC-PAD gradient. xylobiose (2X), xylotriose (3X), xylotetraose (4X), xylopentose (5X),
xylohexose (6X), [α-L-arabinofuranosyl(1→2)]-β-D-xylopyranosyl-(1→4)-β-D-xylopyranosyl-(1→4)-D-xylopyranose (A2XX) , [α-





3.5.3 Validation of a quantitative high-performance anion-exchange chromatography (HPAEC-
PAD) method to separate and detect pasture grass arabinoxylan oligosaccharides 
Using the finalized gradient, the method validation was performed. Lactose was chosen 
as the internal standard. The concentration of lactose was kept at 0.5 µM across all 
validation experiments. 
To calculate the limit of detection (LOD) and limit of quantification (LOQ), a standard 
5-point calibration curve with concentration range 0.01-0.1uM was run, with each point
replicated in triplicate. This concentration range was determined based on the minimal 
visual distinction of analyte from baseline noise (Thode, 2019). All data points were 
plotted and a regression analysis was run on Excel. The standard error of the regression 
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line (SER) and the regression slope (RS) were calculated. LOD was calculated with the 
following formula:  
3.3 𝑆𝐸𝑅
𝑅𝑆
LOQ was calculated by the following formula: 
10 𝑆𝐸𝑅
𝑅𝑆
These formulas were taken from the International Council for Harmonisation of 
Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines (ICH, 
1994). The LOD ranged from 0.005-0.008 µM while the LOQ ranged from 0.016-0.023 
µM. 
Retention times were calculated from average of the limit of detection replicates (15 
total). AXOS identities in unknown samples were determined by comparison with the 
standard by spiking the sample with individual AXOS.  
Concentration range (CR) is the range of concentration that each individual mono- and 
oligosaccharide can be accurately quantified for a given detector. CR must be above the 
LOQ, as it is the lowest concentration that can be quantified, and the highest point must 
be below the detector response plateau (detector saturation). CR was determined to 
be 0.03-6 µM for a majority of AXOS (except for 3X which had a maximum of 3µM, and 
XA3XX which had a CR of 0.033-6.63 µM due to it being provided as a standard 
compound in a mixture with XA2XX) (see Table 3-2). 
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A polynomial (quadratic) equation had a better fit on the AXOS response curves than a 
linear equation. This was determined based on the R values, as well as the residual plots. 
A residual plot calculates the difference between the calibration curve equation 
(expected) versus the data point (actual). The residual plots used (Residual vs. 
Independent plot) should exhibit a random dispersion of data points across the 
horizontal axis. The linear residual plots had a distinct parabola pattern, whereas the 
Table 3-2. Method validation parameters including limit of detection (LOD) limit of 
quantification (LOQ) relative response factor (RRF) and concentration range (CR) 











8.291 n/a n/a 1 n/a
xylose 5.802 0.005 0.016 0.571 0.03-6
xylobiose 9.106 0.007 0.021 0.575 0.03-6
xylotriose 13.411 0.006 0.019 0.482 0.03-3 
xylotetraose 20.840 0.006 0.017 0.686 0.03-6 
xylopentose 29.207 0.007 0.020 0.712 0.03-6 
xylohexose 31.539 0.007 0.020 0.6791 0.03-6 
A2XX1 31.969 0.007 0.021 0.643 0.03-6
A3X2 33.183 0.008 0.023 0.516 0.03-6
XA2XX3 35.870 0.008 0.023 0.727 0.03-6
XA3XX4 36.824 0.006 0.018 0.66 0.033-
6.63 
A23XX5 41.194 0.007 0.022 0.555 0.03-6
1 [α-L-arabinofuranosyl(1→2)]-β-D-xylopyranosyl-(1→4)-β-D-xylopyranosyl-(1→4)-D-xylopyranose (A2XX) 





5 [α-L-arabinofuranosyl (1→2)] [α-L-arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)-β-D-xylopyranosyl-(1→4)-D-
xylopyranose (A23XX)  
62 
polynomial residual plots did not (see Figure 3-8). 
Relative Response Factor (RRF) accounts for the variability in analyte response between 
different sample runs by determining the ratio of analyte response to that of the internal 
standard. RRF was determined from the CR data. The [AXOS concentration x lactose 
response] was the “x” or independent variable, and the [lactose concentration x AXOS 
response] was the “y” or dependent variable. The linear regression line was calculated 
in Excel, and the coefficient of the slope was the RRF value (Wefers et al., 2016).  
Figure 3-8. Comparison of xylotriose (3X) calibration curves with A) linear fit and 
residual vs. independent variable plots and B) polynomial fit and residual plots. 
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3.6 Enzymatic digestion of forage materials with endoxylanases  
In this research project, a GH10 endoxylanase derived from Cellvibrio japonicus and a 
GH11 endoxylanase from Neocallimastix patriciarum (Megazyme) were used to produce 
AXOS fingerprints from pasture grasses. Both these enzymes are endo-β-1,4 xylanases 
with a high specific activity for AX. GH10 endoxylanases can cleave closer to substituted 
xyloses units compared to GH11 (Pollet et al., 2010). This difference in cleavage 
preferences would result in different enzymatic AXOS fingerprints of the pasture grass 
samples. Neocallimastix patriciarum is an anaerobic fungus that has been found in water 
buffalo and sheep rumen (Orpin & Munn, 1986; Wang et al., 2011). Having a xylanase 
from a common rumen fungus can potentially enable predictions of AXOS produced in 
cattle in KY in vivo.  Cellvibrio japonicus is a Gram-negative soil bacterium (DeBoy et al., 
2008). Vegetative grass tissue has a low A/X ratio, so it is expected that GH11 would 
still be able to access the xylan backbone. 
Pure water was used for enzymatic incubation rather than sodium acetate buffer to 
avoid potential chromatography problems from acetate-containing samples. These 
conditions resulted in little released AXOS from Neocallimastix patriciarum GH11 
enzyme. Therefore, only Cellvibrio japonicus GH10 was used for further enzymatic work 
in this thesis (see Figure 3-9). 
Enzyme incubation time was tested at 4, 12, 24, and 48 hours. With increased 
incubation time (24 and 48 hours), a greater amount of monosaccharides and short 
chain xylooligosaccharides were released. The four-hour incubation time resulted in 
only minimal hydrolysis. 12 hours was selected for its released quantity of 
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monosaccharide and oligosaccharides. Incubation temperature was set at 60°C based on 
manufacturer recommendations. 
Figure 3-9. Comparison of arabinoxylan oligosaccharides (AXOS) released from 12-
hour incubation with Cellvibrio japonicus (CJ) GH10 endoxylanase and Neocallimastix 
patriciarum (NP) GH11 endoxylanase. 
3.7 Quantification of cool-season pasture grass arabinoxylan oligosaccharides released 
by Cellvibrio japonicus 
The hydrolysate produced by Cellvibrio japonicus digestion were analyzed using the 
validated HPAEC-PAD method. Samples were analyzed in quadruplicate, although in a 
few cases they were analyzed in triplicate. One of the replicates for both perennial rye 
and timothy produced a 3X response ratio greater than the upper limit of the 
calibration curve, so this replicate was not included in the statistical analysis. 
























Additionally, one replicate of tall fescue produced a large outlier for the xylose peak 
(outlier determination made via Q-test at the 99% confidence level).  
A large contaminant peak was seen in most of the oligosaccharide digest samples. It was 
determined that the peak was not a contaminant from the incubation tubes, that it co-
eluted with arabinose, and that it was released from grass samples even without 
enzymes. Because of this co-elution, arabinose was not quantified in the samples (see 
Figure 7-2 in the appendix).  
Perennial rye released the most quantifiable monosaccharide and AXOS comparatively 
to timothy, tall fescue, and bluegrass. Perennial rye had significantly greater (p<0.05) 
amounts of released xylose and all quantifiable AXOS compared to bluegrass, and 
significantly greater (p<0.05) amounts of 5X, A2XX, and A3X than bluegrass, timothy, 
and tall fescue. This corresponds to the monosaccharide profiling data where perennial 
rye had significantly more xylose and arabinose than the other cool-season pasture grass 
samples, indicating a higher proportion of AX in the cell wall (see Figure 7-1 in the 
appendix).  
Of the oligosaccharides and monosaccharides released, 3X was the most abundant 
across all grasses (significant difference between mono- and oligosaccharides varies 
among individual grasses) (see Figure 3-10). Cellvibrio japonicus is a GH10 enzyme which, 
compared to GH11 enzymes, produces smaller chain length oligosaccharides. A2XX and 
A3X were the only quantifiable branched AXOS released under the current conditions. 
A3X was more abundant than A2XX (not significantly different). The smallest decorated 
oligosaccharide produced by a GH10 xylanase is A3X or A2X (Pell, 2004). A3X 
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represents the smallest decorated branch oligosaccharide in this method. Several 
oligosaccharides may have been present in trace quantities XA2XX, XA3XX, or [α-L-
arabinofuranosyl (1→2)] [α-L-arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)-β-D-
xylopyranosyl-(1→4)-D-xylopyranose (A23XX) in the chromatograms, but their identity 
could not be confirmed because of their low concentration and partial coelution with 
other, unidentified peaks (see Figure 3-9). Additional investigation with a mass 
spectrometer coupled to the HPAEC-PAD could confirm whether structural elements 
were released under these conditions.  
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Figure 3-10. Cool-season pasture grasses and their arabinoxylan oligosaccharides (AXOS) 
profile following endoxylanase hydrolysis. n=4 for all AXOS except perennial rye and timothy 
3X has n=3, and tall fescue xylose has n=3. Different letters denote significant difference. xylobiose
(2X), xylotriose (3X), xylotetraose (4X), xylopentose (5X), xylohexose (6X), [α-L-arabinofuranosyl(1→2)]-β-D-xylopyranosyl-
(1→4)-β-D-xylopyranosyl-(1→4)-D-xylopyranose (A2XX) , [α-L-arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)- D-
xylopyranose (A3X), β-D-xylopyranosyl-(1→4)- [α-L-arabinofuranosyl(1→2)]-β-D-xylopyranosyl-(1→4)-β-D-xylopyranosyl-(1→4)-
D-xylopyranose (XA2XX), β-D-xylopyranosyl-(1→4)- [α-L-arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)-β-D-xylopyranosyl-
(1→4)-D-xylopyranose (XA3XX), [α-L-arabinofuranosyl(1→2)] [α-L-arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)-β-D-
xylopyranosyl-(1→4)-D-xylopyranose (A23XX)









































































 FUTURE RESEARCH DIRECTIONS 
There are several additional experiments that can be explored to expand on this 
research. Released AXOS quantity and variety can be explored by using sodium acetate 
as the buffer during enzymatic incubation instead of pure water. Altering the buffer 
solution may allow a greater release of AXOS from the GH11 endoxylanase from 
Neocallimastix patriciarum, which saw minimal release in water. It could also improve 
AXOS release in Cellvibrio japonicus digests as well. This approach would require a 
sample clean-up step to remove the acetate before HPAEC analysis, since acetate is a 
strong counter ion in anion-exchange chromatography and would disrupt the 
chromatographic separation.  
Adding a solid phase extraction step post-enzymatic digest to remove AXOS esterified 
with hydroxycinnamic acid could be an interesting modification step to further study. 
This additional processing step could alter the AXOS amount quantified on the HPAEC-
PAD, showing the difference in quantity of feruloylated and non-feruloylated AXOS. 
Under the current, highly alkaline conditions, feruloylated AXOS would be almost 
immediately de-esterified, and thus compounds differing only by the presence of a 
feruloyl substituent co-elute and are quantified together. 
There were several peaks in the enzymatic fingerprint that could not be identified or 
quantified. The method can be expanded to include other branched AXOS to identify 
more released oligosaccharides and produce a more detailed AX structural fingerprint. 
Determination of the grass contaminant and removing it would also allow for the 
quantification of arabinose as part of the method (Figure 7-2.) The addition of a mass 
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spectrometer instrument downstream from the PAD detector would also strengthen 
this method, since the unique mass spectrometric fragmentation patterns generated for 
each peak would permit partial identification of unknown compounds and alert users to 
the presence of co-eluting peaks. 
A further application of this method would be to compare pasture grass samples 
collected at different time points throughout the growing season to see if forage AX 
structure changes at different stages of plant growth.  It can also be applied to other 
varieties and subspecies of pasture grasses and preserved forages to determine 
similarities and differences in AX structure. Finally, the method could be applied to in 
vitro fermentation studies of forage material to study microbial degradation of forage 
AX. This type of experiment is especially exciting for beginning to better understand the 
intersection of carbohydrate structure and the health of animals consuming those 
carbohydrates. 
These additional experiments would improve upon the validated method presented in 
this thesis, as well as providing timely applications of the method that will expand our 
understanding of forage AX structure and its significance.  
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 CONCLUSIONS 
Arabinoxylan (AX) is an important cell wall structural polysaccharide in monocots. 
Various structural elements such as DP, DS, and the level of esterified HCA combine to 
give variety and complexity to AX. AX structure can vary in any of these elements not 
only between monocot species, but also plant tissues.  
In this thesis, the monosaccharide profile and esterified phenolic acid content were 
determined in insoluble cell wall material from four cool-season pasture grasses’ foliage 
samples. A method in which to separate, identify, and quantify xylanase-released AXOS 
using the non-destructive HPAEC-PAD instrument was validated. The CR, tR HPAEC, 
LOD, LOQ, and RRF were determined. Lactose was the internal standard. This method 
was applied to all four grass varieties after optimizing the enzymatic incubation process 
for the GH10 endoxylanase Cellvibrio japonicus.  
Perennial rye had a more abundant xylanase-mediated release of monosaccharides and 
oligosaccharides than timothy, tall fescue, and bluegrass, which corroborates with 
perennial rye having significantly higher amounts of xylose in its monosaccharide profile. 
Perennial rye had a significantly lower A/X ratio than bluegrass and timothy. The lower 
A/X ratio may have contributed to a greater release of AXOS due to the better 
accessibility of the xylan backbone for the GH10 enzyme. 3X was one of the most 
abundant released oligosaccharides across all four grass varieties. Two branched AXOS 
were able to be quantified, A3X and A2XX. Trans-ferulic, trans-p-coumaric, cis-ferulic, 
and cis-coumaric were present in all grass varieties. 
This validated method to quantify enzymatically released AXOS from pasture grasses 
can be applied to other forage species and well as different samples collected at different 
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harvest points. Additional standards can be incorporated into the HPAEC-PAD method 
to identify some of the unknown analytes from the pasture grasses. The addition of a 
mass spectrometer can also strengthen the method by determining the mass of 
unknown analytes. Future applications include using the method to track and quantify 
forage AX fermentation by microbes. 
This research opens the opportunity for further expansion upon this HPAEC-PAD 
method as well as characterization of pasture grasses and other forage materials. 
Improved methods will allow for a deeper and comprehensive understanding of forage 
AX structure, and thus its impact on ruminant animals. 
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 EXPERIMENTAL METHODS 
6.1 Sample preparation 
6.1.1 Sample collection 
1. Collect forage grass samples [timothy (Phleum pratense) “Claire” (planted in
2016), perennial ryegrass (Lolium perenne) “Linn” (planted in 2018), bluegrass
(Poa pratensis) “Ginger” (planted in 2018), and tall fescue (Festuca arundinacea)
“Lacefield Max QI™” (planted in 2018)] from the University of Kentucky’s
Spindletop Farm located at 3250 Iron Works Pike, Lexington, Kentucky, USA
40511-847.
2. Cut 2 inches above the base, selectively removing seed heads and dead blades of
grass. Collect ~500 g (fresh weight) of each species.
3. Record date and time of day. Make note of weather conditions prior to forage
harvest.
4. Place grass forage into plastic bag, store on ice during transport, and freeze.
5. Transfer forage samples into paper bags and place into the freeze dryer
(Botanique Model 18D48SA “KeepSafe Specialist”) for 10 days.
a. Drying program was as follows: Vacuum at 200 mtorr Day 1: -20 °F, Day
2: -10 °F, Day 3: 0 °F, Day 4: 10 °F, Day 5: 20 °F, Day 6: 30 °F, Day 7: 40
°F, Day 8: 55 °F, Day 9: 75 °F.  Remove samples on Day 10.
6. Transfer freeze-dried forage samples into plastic Ziploc bags and store at 4°C.
6.1.2 Milling procedure 
1. Weigh lyophilized forage sample prior to milling.
2. Clean out mill (Thomas-Wiley Laboratory Mill Model 4). Dust out the mill
components, including the 40 mesh (0.5 mm particle size) sieve, funnel, hopper,
blades, etc.
3. Use clear packing tape to cover the cracks between the door and the sample
hopper.
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4. Use clear, plastic garbage bag to form a cover/tunnel between flour funnel and
receiving container (tape both ends very tight).
5. Once the mill set up is complete, turn on mill.
6. Feed freeze-dried grass sample through hopper, making sure to close hopper lid
and hopper shutter with each feeding of sample.
7. Wait 1 min during each addition. Tap the flour funnel and mill door to knock
sample through the sieve.
8. When done, turn off mill and cut the receiving container free. Have a large
empty container available and hold underneath funnel.  Slowly open the mill
door, brush large sample particles into the new container.
9. Clean mill thoroughly.
10. Mill the leftover particles using coffee grinder in lab to 0.5 mm particle size.
11. Weigh milled forage sample on scale and record mass. Record percentage loss.
6.1.3 Preparation of insoluble cell wall materials 
Water extraction method was adapted from (Kagan et al., 2018) and destarching 
method was adapted from (R. R. Schendel, 2016). 
1. Measure out 4 g of milled grass sample. The method was repeated in
quadruplicate for each grass species. Place in 1000 mL beaker.
2. Fill each beaker with ~800 mL ambient temperature water (22-23°C).
3. Cover beakers with parafilm and cling wrap to reduce spilling of solution.
4. Place beakers on stir plate for 1 hour (set rotation to 4).
5. Centrifuge for 15 min at 5000 rpm and decant supernatant with pipettes.
6. Suspend 4 g of sample in 50 mL phosphate buffer (0.08 M, pH 6.2) in 200mL
Erlenmeyer flasks with foil covering the opening. Add 300 µL Termamyl SC®
[alpha-amylase, Novozymes].
7. Incubate for 20 min at 92°C, with shaker set at 95 rpm. Swirl flask every 10 min.
8. Cool sample to room temperature over ice and adjust pH to 4.5 with 0.5 M HCl
solution.
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9. Add 150 µL AMG 300® [amyloglucosidase, Novozymes] and incubate for 30 min
at 60°C. Swirl tube every 5 min.
10. Centrifuge warm solution for 15 min at 5000 rpm.
11. Decant supernatant using pipettes.
12. Wash pellet with 1×100 mL and 1×50 mL warm water (60°C). Centrifuge after
every wash and discard supernatant between washing steps.
13. Wash pellet with 2 ×100 mL and 1×50 mL 100% EtOH. Centrifuge after every
wash and discard supernatant between washing steps.
14. Wash pellet with 2×100 mL and 1×50 mL acetone. Centrifuge after every wash
and discard supernatant between washing steps. Color should be completely
removed from sample, should have the look and consistency of wet sand.
15. Let acetone volatilize in fume hood until there is no discernable odor (several
hours). Dry residue overnight in 60°C drying oven.
16. Place residue on filter paper (Whatman Grade 4, 90 mm), place in vacuum oven
(70°C and 90 mbar) for 22 hours minimum. Record drying variables and time in
oven.
17. Weigh and store dry samples in the desiccator.
6.2 Monosaccharide analysis of insoluble cell wall material 
6.2.1 Saeman sulfuric acid digest 
1. Weigh in 100 mg of sample in 50 mL glass Pyrex tube (cover threading with
Teflon tape, double-check glass rim and threads to confirm that there are no
chips), record exact weight. Add 5 glass beads to vial.
2. Add 1.5 mL 12 M H2SO4 and vortex 1 min.
3. Let stand on ice for 30 min, vortex 1 min every 10 min.
4. Let stand at room temperature for 2 hours. Every 30 min, vortex for 1 min.
5. Add 9.75 mL water, vortex for 1 min, then store in drying oven at 100°C for 3
hours.
6. Filter entire contents in 0.2 µm pore-sized Polytetrafluoroethylene (PTFE)
syringe filter.
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7. Use volumetric pipette to transfer exactly 5 mL of filtrate into a new glass tube.
Add 40 mL of water. Drop a stir bar in and place onto stir plate. Record initial
pH. Mix in 4.3 mL 4 M NaOH dropwise until pH ranges between 5-7. If needed,
drop additional 4 M NaOH and record exact volume of base added. Bring
volume up to 50 or 100 mL using volumetric flask and DI water.
8. Samples were diluted 1:10 prior to HPAEC-PAD injection.
6.2.2 High-performance anion-exchange chromatography (HPAEC-PAD) separation and 
detection method for monosaccharides 
Two gradients were used to separate and quantify the monosaccharide profiles of the 
samples.  
Table 6-2 describes the “96-4” gradient and Table 6-3 “99-1”. Both gradients used the 
analysis parameters referenced in Table 6-1.  99-1 gradient was used to separate the 
mannose peak (if present) from the xylose peaks in the sample run. If an unquantifiable 
amount of mannose was present, the 96-4 gradient was used to quantify arabinose, 
xylose, galactose, glucose, and rhamnose. Calibration curve was quadratic.  
Table 6-1. Monosaccharide analysis parameters 
Columns and dimensions 
Guard Column (4 × 50 mm),  
CarboPac-PA1 (4 × 250 mm) 
Company Thermo-Scientific     
Injection volume 25 µL 
Flow rate 1.00 mL/min 
Column and detector temperature 30°C 
Detection mode, waveform, 
electrode 
PAD detector, Carbohydrates (Standard 
Quad), AgCl 








Eluent C (100 
mM NaOH +0.2 
mM NaOAc) 
0 90 10 0
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1.5 96 4 0
25 96 4 0
35 0 100 0
35.1 0 0 100
45 0 0 100
45.1 0 100 0
55 0 100 0
55.1 90 10 0
65 90 10 0






Eluent B (100 
mM NaOH) 
Eluent C (100 
mM NaOH +0.2 
mM NaOAc) 
0 99 1 0
35 99 1 0
35.1 0 100 0
45 0 100 0
45.1 100 0 0
55 100 0 0
55.1 99 1 0
65 99 1 0
See 7.2 for monosaccharide system eluent preparation. 
6.3 Hydroxycinnamic acid analysis of insoluble cell wall material  
See Table 6-4. Structures of all hydroxycinnamic acids (HCA) in calibration curve  
6.3.1 Alkaline hydrolysis 
1. Weigh and record 100 mg of de-starched sample into a 50-mL Pyrex glass test
tube with Teflon-lined screw cap. Double-check glass rim and threads to confirm
that there are no chips.
2. Add 5 mL 2 M NaOH and vortex for 1 min. Use rubber policeman to scrape
down sides. Add stir bar.
3. Add 50 µL of 5mM trans-o-coumaric acid as internal standard (end concentration
will be 250 µM).
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4. Set samples on test tube rack on stir plate and turn on stirring to 75% capacity.
Visually check if material is properly mixing.
5. Cover entire system with aluminum and let sit for at least 18 hours.
6. Acidify samples with 2 mL of 12 N HCl. Check if samples are <pH 2.
7. Extract with diethyl ether. Add volume of ether (6 mL, 5 mL, 5 mL) to sample,
invert 3 times, release pressure, and centrifuge at 2000 rpm for 10 min. Pipette
off top ether layer into separate glass vial. Combine all extractions for each
sample.
8. Dry ether extracts under N2 steam (should take at least 1 hour until completely
dry) in the fume hood using Microvap manifold (Organomation).
9. Dissolve residues in 1 mL MeOH/H2O (50/50 v/v) and store at 4°C covered in
aluminum foil. Samples are diluted 1:10 prior to run on HPLC (use 0.25 mM
ortho-coumaric acid solution as diluting liquid).































537-73-5 Alfa Aesar 
Trans-sinapic, 
98% 
530-59-6 Alfa Aesar 
6.3.2 Conversion of trans-ferulic/p-coumaric to cis-ferulic/p-coumaric 
1. Prepare separate 5 mM stock solution (~50 mL) of trans-ferulic and trans-p-
coumaric acid.
2. Pipette 10 mL of solution into 50 mL volumetric flasks.
3. Clamp two UV lamps to buret stands. Place flasks under lamps and create an
aluminum foil cage (reflective side facing inward) around the flasks and lamp.
Create a cardboard partition to cover the aluminum foil. Let sit for a minimum
of 24 hours.
4. Bring flasks up to volume with 50/50 v/v MeOH/H2O. The theoretical end
concentration of untransformed trans-ferulic / trans-p-coumaric acid would be 1
mM.
5. Run transformed stocks on HPLC with the parameters listed Table 6-5.
6. Make 6-point calibration curve for trans-ferulic and trans-p-coumaric acid from a
5 mM stock (concentration range 0.1 mM-1 mM). Calculate the concentration of
the transformed trans-ferulic and trans-p-coumaric acid based on the calibration
curve. The cis concentration is 1 mM minus (calculated transformed trans).
Calculate the proportion of conversion (cis concentration/trans concentration).
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6.3.3 High-performance liquid chromatography (HPLC) separation and detection method for 
hydroxycinnamic acid 
Table 6-5 lists the specific instrument parameters used to quantify the 
hydroxycinnamic acid content hydrolyzed from the insoluble cell wall material. 
Table 6-6 describes the HPLC gradient used to separate and quantify the studied acids. 
Table 6-5. High-performance liquid chromatography (HPLC) hydroxycinnamic 
parameters 
Column and dimensions 
5µM Phenyl-Hexyl 100 Å, LC Column 250 × 
4.6mm  
Company Phenomenex 
Injection volume 10 µL 
Flow rate 1.1 mL/min 
Column and detector 
temperature 45°C 
Detection mode, waveform, 
electrode 
DAD detector, quantification wavelength 325 
nm, slit width 1.2 nm 




Eluent A (1 mM 
TFA in H2O) 
Eluent B [90/10  











See 7.4 for HPLC eluent preparation 
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6.4 Oligosaccharide creation and analysis  
6.4.1 Xylanase digestion of insoluble cell wall material 
Cellvibrio japonicus (CJ) Xylanase digest  
1. Pipette 50 µL of enzyme solution (E-XYACJ, CAS Number: 9025-57-4, GH 10,
Megazyme) into 1950 µL of DI water to make working enzyme solution (12.5
U/mL).
2. Weigh out 30 mg of sample (repeat in triplicate) into 2 mL Eppendorf tube with
screw cap.
3. Add 24 µL of working enzyme solution and 1176 µL of DI water in sample tube.
4. Set dry bath to 12 hours at 60°C at 600 rpm.
5. After 15 min, put samples in a boiling water bath at 95°C for 15 min to
deactivate enzymes.
6. Centrifuge at 14000 rpm for 10 min. Pipette off 500 µL supernatant and dilute
with 1 mL of DI water.
7. Filter through 0.2 µm PTFE filter.
8. Freeze all fractions in -20°C until analysis.
6.4.2 High-performance anion-exchange chromatography (HPAEC-PAD) separation and 
detection method for arabinoxylan oligosaccharides 
The following gradient was used to separate, quantify, and identify AXOS from xylanase 
digests. Table 6-8 gradient has been optimized against the Megazyme oligosaccharides 
(see Table 6-9). AXOS were examined with the analytical parameters listed in Table 
6-7. Lactose was used for the internal standard. Note: Eluent preparation for the
oligosaccharide gradient separation is different from the monosaccharide 
gradient separation. See 7.5 for oligosaccharide system eluent preparation. 
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Table 6-7. Oligosaccharide analysis parameters 
Columns and dimensions 
CarboPac PA-200 (3 × 250 mm),  
Guard Column (3 × 50 mm) 
Company Thermo-Scientific 
Injection volume 25 µL 
Flow rate 1.00 mL/min 
Column and detector 
temperature 
30°C 
Detection mode, waveform, 
electrode 
PAD detector, Carbohydrates (Standard 
Quad), AgCl 
Table 6-8. Oligosaccharide high-performance anion-exchange chromatography 





Eluent B (100 
mM NaOH) 
Eluent C (100 
mM NaOH +1 
M NaOAc) 
0 75 25 0
10 0 100 0
20 0 100 0
24.5 0 97.5 2.5
29.5 0 97.5 2.5
55 0 83.4 16.6
55.1 0 0 100
75.1 0 0 100
75.2 0 100 0
95.2 0 100 0
95.3 75 25 0
105 75 25 0
6.5 NMR method preparation 
6.5.1 Weighing in oligosaccharide standards 
1. Weigh in 10 mg of acetanilide into a 50-mL glass vial and record precise mass in
mg. Add precisely 10 mL of D2O.
2. Weigh in ~10 mg of oligosaccharide into each vial. Swirl gently to ensure mixing
(do not invert or vortex) Label vial and seal with Teflon tape and parafilm.
3. If not using immediately, store at -80°C. When preparing sample for NMR
analysis, start a water bath at low heat to bring acetanilide and oligosaccharide
standards into solution.
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4. Use glass syringe to measure 600 µL of oligosaccharide stock into an Eppendorf
tube. Measure 4 µL tert-butanol with glass syringe and dispense in the Eppendorf
(record precise total volume). Transfer contents into clean NMR tube using
NMR-specific Pasteur pipettes.
5. Check if the solvent volume is high enough (3 finger rule, volume in the tube
must be greater than the width of three fingers, ~minimum of 600 µL).
6. Cap NMR tube and cover with foil. Email Dr. Anne Frances-Miller
(afmill3r2@gmail.com) for updated access and instructions for the NMR center.
7. Run 1D 1H NMR on the Bruker 400 Hz NMR (change # of scans to at least 64).
See Table 7-4
8. Run 1H 13C HSQC: change # of scans to 64, F1 to 220 and Frequency offset to
110. HSQC will run overnight (minimum of 7-hr run).  See Table 7-5
9. 1H 13C HSQC TOCSY was used to identify the anomeric carbon in AXOS
standard mixture XA2XX/XA3XX (64 scans). See Table 7-6
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Purity is 95% for all oligosaccharides. All were sourced from Megazyme. 
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 APPENDIX   
7.1 Equipment, enzyme, and reagents 
Table 7-1. Analytical instruments 
Instrument Description Manufacturer 
HPAEC-PAD 
Thermo Scientific Dionex 
ICS-5000+ system, Dionex 
ICS-5000 dual pump, AS-AP 





autosampler, Two LC-20AT 
pumps, DGU-20A3 degasser, 
SPD-M20A P detector 
Shimadzu 
NMR-Spectrometer 
400 MHz Bruker Avance 
NEO (equipped with a Smart 
Probe) 
Bruker 
Table 7-2. Enzymes 




Aspergillus niger Novozymes 
E-XYACJ, CAS
Number: 9025-57-4 
















Table 7-3. Chemicals and reagents 
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Chemical name, purity CAS number Manufacturer 
Acetanilide, ≥99.95% 103-84-4 Sigma-Aldrich
Acetone, 99.5% 67-64-1 VWR chemical 
Acetone-D6 99.9% 666-52-4 Magni-Solv, EMD Millipore 
Acetonitrile HPLC Grade, 99.8% 75-05-8 EMD Millipore 
Deuterium oxide (D2O), 99.9% 7789-20-0 Magni-Solv, EMD Millipore 
D-Galactose, ≥99% 59-23-4 Acros Organics, Fischer Scientific 
D (+)-Glucose anhydrous, ≥99% 50-99-7 Acros Organics, Fischer Scientific 
Diethyl ether, 99% 60-29-7 JT Baker 
D-Lactose monohydrate, ≥99.5% 63-42-3 Sigma-Aldrich
D-Mannose, ≥99.5% 3458-28-4 Alfa Aesar, Thermo Fischer Scientific  
Ethanol, 99.5% 64-17-5 VWR chemicals 
Hydrochloric acid (HCl) 6N solution 7647-01-0 Fischer Chemical
L-Arabinose, 99% 5328-37-0 VWR Life Science 
L-Rhamnose monohydrate, 99% 3615-41-6 Alfa Aesar 
Methanol HPLC Gradient Grade, 100% 67-56-1 VWR Chemical 
Sodium acetate anhydrous (NaOAc), 
99% 
127-09-3 OmniPur, EMD Millipore
Sodium hydroxide (NaOH) 50% w/w 
solution, 50-52% 
1310-73-2 Fischer Chemical
Sodium hydroxide (NaOH), 97% 1310-73-2 VWR Chemicals 
Sodium phosphate dibasic anhydrous 
(Na2HPO4), 98% 
7558-79-4 VWR Chemicals
Sodium phosphate monobasic 
monohydrate (NaH2PO4 × H2O), 98% 
10049-21-5 VWR Chemicals
Sulfuric acid (H2SO4), 95-98% 7664-93-9 VWR Chemicals 
Tert-butyl alcohol, 99+% 75-65-0 Alfa Aesar Thermo Fischer Scientific 
Trifluoracetic acid (TFA), 99.9% 76-05-1 VWR Life Sciences 
7.2 Phosphate buffer preparation  
1. Add 500 mL DI water to a 1-L volumetric flask. Dissolve 12.48 g sodium
phosphate monobasic dihydrate (NaH2PO4 × H2O) in volumetric flask thoroughly
(use stir bar and plate if necessary) and bring up to volume.
2. Add 500 mL DI water to 1-L volumetric flask. Dissolve 11.36 g sodium
phosphate dibasic (Na2HPO4) in volumetric flask thoroughly (use stir bar and
plate if necessary) and bring up to volume.
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3. Combine ~815 mL NaH2PO4 × H2O solution and ~195 mL Na2HPO4. Adjust
solution to pH 6.2. Label phosphate buffer “0.08 M, pH 6.2” with the date of
preparation. Solution will not last longer than 3 weeks maximum.
7.3 Monosaccharide eluent preparation  
7.3.1 100 mM NaOH eluent preparations   
1. Measure 2 L of deionized water from the carboy in the graduated cylinder.
Check date to see if its fresh water.
2. Remove 10.4 mL from graduated cylinder of 2 L. Pour into eluent bottle.
3. Degas eluent bottle with nitrogen for 10 min.
a. Close gas lines to all other eluents.
b. Detach long hookup line from gas tank and hook up short gas line to
main gas tank.
c. Bubble directly from bottom of eluent bottle.
4. Remove gas line from eluent bottle. Detach short gas line and reattach long
gas line. Open gas flow to all eluent bottles.
5. Add 10.4 mL of NaOH.
a. Take NaOH from middle of container. Ensure that no contamination
of potential surface level carbonate.
6. Tilt back and forth gently and rolling pin style to ensure thorough mixing of
eluent.
7. Screw cap back on eluent bottle and open gas line to bottle. Check pressure
to see if within acceptable range (5.4-6 psi).
7.3.2 200mM NaOAc + 100mM NaOH eluent preparations 
1. Repeat steps 1-5 from 7.3.1.
2. Measure 32.8 g of NaOAc. Add to bottle with only 1 L of D.I. water.
3. Gently mix bottle. Slowly add the 2nd L (minus 10.4mL) of water into eluent
bottle. Make sure there are no pellets in bottle. Ensure thorough mixing.
4. Repeat steps 3-7 from above.
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7.4 HPLC gradient preparation 
7.4.1 Eluent A preparations  
1. Measure 1 liter of DI water in volumetric flask.
2. Add 0.08 mL of trifluoroacetic acid (TFA) to flask for a concentration of 1 mM
TFA.
3. Mix thoroughly and transfer eluent to HPLC glass bottles. Label bottle.
Eluent B preparations
1. Measure 500 mL of DI water and 500 mL of MeOH and combine in a glass HPLC
eluent bottle. Do NOT bring to volume.
2. Add 0.08 mL of TFA into 50/50 v/v H2O/MeOH bottle and mix thoroughly
3. In a new empty glass HPLC eluent bottle, add 900 mL of acetonitrile and 100 mL
of 1 mM TFA (50/50 v/v H2O/MeOH). Combine thoroughly.
7.5 Oligosaccharide gradient preparation 
7.5.1 Eluent B preparations  
The concentration of eluent B is: ~slightly less than 100 mM NaOH 
1. Fill 2-L volumetric flask with 18.2 Ω DI water and transfer to eluent bottle. High-
quality DI water is essential; gradient separations will be poor with low-quality
DI water.
2. Degas eluent bottle with nitrogen for 15 min.
3. Add 10.4 mL of liquid NaOH from the middle of the bottle. Seal the eluent
bottle with a normal cap. Total volume of eluent should be 2.0104 L.
4. Gently mix the NaOH by rocking back and forth (making no new bubbles).
Reattach eluent line cap on eluent bottle. Turn the nitrogen gas stop cock
parallel to the plastic tubing.
7.5.2 Eluent C preparations  
The concentrations of eluent C: 1M NaOAc, ~slightly less than 100mM NaOH 
1. Fill 1 L volumetric flask with 400 mL 18.2 Ω DI water. Place a stir bar in
volumetric flask and place on stir plate. Set stir plate to #5 setting.
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2. Add 82 g NaOAc into volumetric flask. Add 200 mL of DI water. Wait until
powder is fully dissolved then bring flask up to volume. Remove stir bar and
readjust and bring to volume again.
3. Transfer contents to eluent bottle.
4. Repeat steps 3-5 until eluent bottle has 2 liters.
5. Degas eluent bottle with nitrogen for 15 minutes.
6. Add 10.4mL of liquid NaOH (taken from the middle of the NaOH bottle). Seal
the eluent bottle with a normal cap. Total volume of eluent should be 2.0104 L.
7. Gently mix the NaOH by rocking back and forth (making no new bubbles). Reattach
eluent line cap on eluent bottle. Turn the nitrogen gas stop cock parallel to the plastic
tubing.
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7.6 Arabinoxylan oligosaccharide differences between each grass  
Figure 7-1. Comparison of 4 cool-season pasture grasses by individual quantifiable 
monosaccharide and oligosaccharide. n=4 for all arabinoxylan oligosaccharides (AXOS) except 
perennial rye and timothy 3X has n=3, and tall fescue xylose has n=3. Different letters denote 
significant difference. xylobiose (2X), xylotriose (3X), xylotetraose (4X), xylopentose (5X), xylohexose (6X), [α-L-
arabinofuranosyl(1→2)]-β-D-xylopyranosyl-(1→4)-β-D-xylopyranosyl-(1→4)-D-xylopyranose (A2XX) , [α-L-
arabinofuranosyl(1→3)]-β-D-xylopyranosyl-(1→4)- D-xylopyranose (A3X), β-D-xylopyranosyl-(1→4)- [α-L-



























































































































7.7 NMR acquisition and processing parameters 
400 MHz Bruker Avance NEO (equipped with a Smart Probe) 
Table 7-4. 1H NMR acquisition and processing parameters 
NMR measurement and processing 
parameters  
Measurement parameters (Bruker 
abbreviations) 
Pulse Program Zg30 
Time-domain data points (TD) 65536 
Solvent D2O 
Number of scans (NS) 64 
Number of dummy scans (DS) 2 
Spectral width (SWH), Hz 8196.722 
FID resolution (FIDRES), Hz 0.250144 
Acquisition time (AQ), sec 3.9976959 
Receiver gain (RG) 101 
Dwell time (DW), µsec 61 
Pre-scan delay (DE), µsec 6.50 
Temperature (TE), K 298
Relaxation delay (D1), sec 1 
Number of cycles (TD0) 1 
F1 channel 
Irradiation frequency for channel 
1(SFO1), MHz 
400.1524709 
Nucleus observed 1H 
90° pulse (P1), µsec 10 
Pulse power level (PLW1), W 15.363 
Processing parameters 
Data points for Fourier transform (SI) 65536 
Frequency (SF), MHz 400.15 
Type of window function (WDW) EM 
Line-broadening (LB), Hz 0.30 
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Table 7-5. 1H, 13C HSQC NMR acquisition and processing parameters 
NMR measurement and processing 
parameters  
Measurement parameters (Bruker 
abbreviations) 
Pulse Program Hsqcedetgpsisp2.2 
Time-domain data points (TD) 1024 (F2) 256(F1) 
Solvent D2O 
Number of scans (NS) 64 
Number of dummy scans (DS) 32 
Spectral width (SWH), Hz 6250(F2), 22137.576 (F1) 
FID resolution (FIDRES), Hz 12.207031 (F2), 172.949814(F1) 
Acquisition time (AQ), sec 0.0819200 (F2), 0.0057820 (F1) 
Receiver gain (RG) 101 
Dwell time (DW), µsec 80 
Pre-scan delay (DE), µsec 6.50 
Temperature (TE), K 298
Default 13C-1H coupling constant 
(CNST2) 
145 
Incremented delay (D0), sec 0 
Relaxation delay (D1), sec 1.5 
[1/(4J) (XH)] delay (D4), sec 0 
Short delay (D13), sec 0 
Recovery delay after gradient pulse (D16), 
sec  
0.0002 




Radiation frequency (SFO1), MHz  400.1518807 
Nucleus 1H 
F1 channel-90° high power pulse (P1), 
µsec 
10 
F1 channel-180° high power pulse (P2), 
µsec 
20 
F1 channel-trim pulse(P28), µsec 1000 
Pulse 1 power (PLW1), W 15.363 
F2 channel 
Radiation frequency (SFO2), MHz 100.6253439 
Nucleus 13C 








F2 channel-180° high power pulse (P4), 
µsec 
20 
90° pulse for decoupling sequence 
(PCPD2), µsec 
80 
F2 channel pulse power (PLW2), W 59.466 
Power level for CDP/BB decoupling 
(PLW12), W 
0.92916 
Gradient channel parameters 
Gradient file name SMSQ10.100 
Gradient level for z-axis gradient 1 
(GPZ1), % of maximum 
80 
Gradient level for z-axis gradient 2 
(GPZ2), % of maximum 
20.1 
Gradient pulse (P16), µsec 1000 
F1 Acquisition parameters 
Time domain data points (TD)  256 
Irradiation frequency, MHz 100.6253439 
FID resolution (FIDRES), Hz 172.949814 
Sweep width (SW), ppm 220 
Acquisition mode for indirect detections 
(FnMODE) 
Echo-Antiecho 
F2 Processing parameters 
Data points for Fourier transform (SI) 1024 
Frequency (SF), MHz 400.15 
Type of window function (WDW) QSINE 
Shift of the sine function (SSB) 2 
Line broadening (LB), Hz 1 
F1 Processing parameters 
Data points for Fourier transform (SI) 1024 
Type of F1 data transformation (MC2) Echo-antiecho 
Frequency (SF), MHz 100.6177975 
Type of window function (WDW) QSINE 
Shift of the since function (SSB) 2 
Line broadening (LB), Hz  0.3 
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Table 7-6. 1H, 1H TOCSY NMR acquisition and processing parameters 
NMR measurement and processing 
parameters  
Measurement parameters (Bruker 
abbreviations) 
Pulse Program cosygpppqf 
Time-domain data points (TD) 2048 (F2) 128(F1) 
Solvent D2O 
Number of scans (NS) 64 
Number of dummy scans (DS) 16 
Spectral width (SWH), Hz 3125 (F2), 3125 (F1) 
FID resolution (FIDRES), Hz 3.051758 (F2), 24.414063(F1) 
Acquisition time (AQ), sec 0.32768 (F2), 0.04096 (F1) 
Receiver gain (RG) 101 
Dwell time (DW), µsec 160 
Pre-scan delay (DE), µsec 6.50 
Temperature (TE), K 298
Incremented delay (D0), sec 0 
Relaxation delay (D1), sec 1.873023987 
Short delay (D13), sec 0 
Recovery delay after gradient pulse 
(D16), sec  
0.0002 
F1 channel 
Radiation frequency (SFO1), MHz  400.1516868 
Nucleus 1H 
First 90° pulse (P0), µsec 10 
Second 90° pulse (P1), µsec 20 
F1 channel-trim pulse at p110 or p115 
(P17), µsec 
2500 
Pulse 1 power (PLW1), W 15.363 
F1 channel, power level for spinlock 
(PLW10), W 
1.707 
Gradient channel parameters 
Gradient file name SMSQ10.100 
Gradient level for z-axis gradient 1 
(GPZ1), % of maximum 
10 
Gradient pulse (P16), µsec 1000 
F1 Acquisition parameters 
Time domain data points (TD)  128 
Irradiation frequency, MHz 400.1516868 
FID resolution (FIDRES), Hz 24.414063 
Sweep width (SW), ppm 7.8095 




F2 Processing parameters 
Data points for Fourier transform (SI) 1024 
Frequency (SF), MHz 400.15 
Type of window function (WDW) QSINE 
Shift of the sine function (SSB) 0 
Line broadening (LB), Hz 1 
F1 Processing parameters 
Data points for Fourier transform (SI) 1024 
Type of F1 data transformation (MC2) QF 
Frequency (SF), MHz 400.15 
Type of window function (WDW) QSINE 
Shift of the since function (SSB) 0 
Line broadening (LB), Hz  0.3 
7.8 Grass sample contaminants 
Figure 7-2. Comparison of grass, arabinose standard, and water blank. The grass blank 
was a sample insoluble cell wall material incubated without enzyme. Water blank was 
incubated without insoluble cell wall material. 
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